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UNCERTAINTY AND CONFLICT: A POINT OF CONTACT 
BETWEEN INFORMATION-THEORY AND 
BEHAVIOR-THEORY CONCEPTS * 


D. E. BERLYNE 


Center for Advanced Study in the Behavioral Sciences? 


Information theory, originally designed 
to handle certain problems in communi- 
cations engineering (41), needs to be 
distinguished from psychological infor- 
mation theory, which is one of its off- 
shoots. The former consists of a mathe- 
matical language, incorporating a num- 
ber of distinctive measuring techniques. 
Psychological information theory is, in 
contrast, a type of theory in the scien- 
tific sense: it applies information-theory 
measures to phenomena within the pur- 
view of psychology and uses informa- 
tion-theory language to formulate laws 
or hypotheses with testable implications 
about behavior. 

Recent literature contains several 
sketches of such theory (e.g., 1, 26, 
35), mostly concerned with how human 
beings code information or with how 
much information can pass through 
them in particular situations. There 
are many unmistakable affinities be- 
tween this kind of psychological theory 
and S-R behavior theory (learning the- 
ory): they have overlapping interests in 

1This article owes a great deal to discus- 
sions with Dr. I. R. Savage and several other 
colleagues at the Center for Advanced Study 
in the Behavioral Sciences. It was written 
while the author was on leave of absence from 
the University of Aberdeen, Scotland. 

2Now at the University of California, 
Berkeley. 


such matters as discrimination, remem- 
bering and reaction time, they share a 
predilection for operationally definable 
and quantitative concepts, and they 
start out, respectively, from the closely 
related “black-box” and “neobehavior- 
ist” points of view. It is therefore 
rather disappointing that so little inte- 
gration between theories of the two 
types has yet taken place. We can re- 
gard two theories as “integrated” if one 
can be deduced from the other or if 
both can be deduced from a third the- 
ory. Before any integration can be at- 
tempted, the scope of information-the- 
ory language within the domain of be- 
havior theory must be examined, which 
means considering to what extent re- 
course to it is possible and to what ex- 
tent, if possible, it is useful. 

The use of information-theory meas- 
ures is possible whenever we have a 
partition, i.e., a set of phenomena that 
can be divided into non-overlapping sub- 
sets, and a probability distribution, i.., 
a way of associating with each subset 
a number from 0 to 1, such that the 
numbers associated with all the sub- 
sets in the partition add up to 1. 
Whenever these two requirements are 
fulfilled, such measures as “amount of 
information,” “uncertainty,” and “rela- 
tive uncertainty” can be applied. As 
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soon as we have two sets of phenomena 
satisfying both requirements, the two 
can jointly be regarded as a “trans- 
ducer,” and the relations between them 
described in terms of “transmitted infor- 
mation,” “noise,” and “equivocation.” 
The phenomena that concern behav- 
ior theory consist, in fact, of two sets 
that can be partitioned into subsets with 
associated probabilities, namely stimuli 
and responses. The language of infor- 
mation theory is therefore, in principle, 
applicable to everything within the com- 
petence of behavior theory. Two limita- 
tions to its appropriateness have often 
been pointed out (14, 47). One is that 
the behavior theorist is especially inter- 
ested in learning, i.e., in situations where 
probabilities of responses are changing. 
The other is that information-theory 
measures take no account of any or- 
dering of the subsets in the partition 
or, more particularly, of the fact that 
stimuli and responses are not confined 
to nominal scaling (44). But these 
limitations are not insuperable. Infor- 
mation-theory measures can be derived 
from response probabilities at different 
stages of a learning process and com- 
pared, or else they can be applied when 
learning is near its asymptote. Stimuli 
and responses can be successively de- 
scribed in information-theory terms and 
in terms of physical or psychophysical 
dimensions, and the different measures 
can be related. For example, a re- 
sponse-class can have attached to it 
both a mean reaction time and a rate 
of transmitted information, and connec- 
tions between the two can be explored. 
If the possibility of describing the 
domain of behavior theory in informa- 
tion-theory language is accepted, the 
question of its usefulness still remains. 
One of the principal functions of any 
language is to make secondary or medi- 
ated generalization and discrimination 
possible. A language incorporates clas- 
sifications, of which measures are spe- 
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cial cases. Classifications are procedures 
for attaching certain descriptive terms 
(values in the case of measures) as 
verbal responses to certain items in the 
universe of discourse but not to others. 
Items bearing a common verbal label 
come to evoke similar behavior in the 
users of the language. A classification 
is useful only as long as the items al- 
lotted the same label share some im- 
portant quality, such that a common 
response to them will be rewarded (or 
reinforced) despite other qualities that 
might distinguish them. Information- 
theory measures are useful for the de- 
scription of behavior, therefore, if these 
measures are closely related to other 
variables that have proved to be impor- 
tant for psychology. 

A large body of data demonstrating 
that such is the case has been amassed 
within the last ten years. Reaction 
time, retention of verbal material, and 
accuracy of psychophysical judgment, 
to cite examples, appear to be functions 
of “uncertainty” and “amount of trans- 
mitted information.” The situations in 
which such associations have been found 
have, however, been situations in which 
subjects have some knowledge of the 
range of alternative stimuli that might 
occur and of their probabilities. This 
knowledge is provided by £’s instruc- 
tions, or by the presentation of a suffi- 
cient sample of material for estimates 
to be made, or, as in experiments using 
natural languages, by previous train- 
ing. It has, indeed, been contended by 
Cronbach (14) that information-theory 
measures in psychology should be con- 
fined to cases where “the receiver knows 
the probabilities and joint probabilities 
of the source.” As Cherry reminds us, 
information theory is part of the “meta- 
language of an external observer; it is 
not a description of the process of com- 
munication as it appears to one of the 
participants” (13,p. 170). An observer 
can compute information-theory meas- 
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ures from data not accessible to the in- 
dividuals he is observing. But there is 
not likely to be much connection be- 
tween these measures and variables of 
psychological importance, unless there is 
some isomorphism between the situation 
as viewed by the observer and the situa- 
tion as it impinges on the observed or- 
ganism. 

The situations in which the use of 
information-theory terminology has had 
some success can be analyzed further as 
follows: 


1. There is an antecedent stimulus- 
pattern, S,. It may consist of the 
background conditions of the experi- 
ment, of an £’s warning signal or, in 
sequential studies, of any item in a se- 
quence. 

2. Whenever S, occurs, it is followed 
by one and only one of a set of conse- 
quent stimuli {S, ... S,}. 

3. Whenever one of the consequent 
stimuli occurs, a particular response 
corresponding to it is performed. 

4. The responses corresponding to 
the consequent stimuli are such that no 
more than one of them can be per- 
formed at once, whether because of 
the Z’s instructions or because of some 
physiological incompatibility between 
them. 


In such situations, one can predict 
that all the m responses corresponding 
to the m consequent stimuli will become 
conditioned to S,. No more than frac- 
tional components of these responses 
can be expected to occur immediately 
after the onset of S,, both because 
simultaneous performance of the com- 
plete responses is precluded by the con- 
ditions of the experiment and because 
performance of any of them before the 
consequent stimulus appears will not be 
reinforced, so that the conditions for 
inhibition of delay will be fulfilled (38). 
S, will thus come to evoke competing 
response tendencies. For Hull’s theory 
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(27, 28), these response tendencies will 
be “reaction potentials.” Cognitive be- 
havior theories (e.g., 45) would de- 
scribe them as “expectations” of the 
consequent stimuli, and the “expecta- 
tion” resembles the “reaction potential” 
insofar as both imply the occurrence 
of a particular response, if certain addi- 
tional conditions are met. 

Furthermore, the relative strengths of 
the competing response tendencies will 
reflect the probabilities of the corre- 
sponding stimuli. Whether one regards 
the number of reinforced trials (27, 28), 
the variety of stimulus situations that 
have been contiguous with the response 
(23), or the number of times an ex- 
pectation has been confirmed (45) as 
the decisive factor, responses associated 
with more frequent consequent stimuli 
will become more strongly associated 
with S,. There is, in fact, experimental 
evidence (17, 21) that the strength of 
a predictive verbal response (which is 
especially relevant here), as judged by 
the asymptote of response probability, 
increases with the probability of the 
corresponding stimulus. 

To sum up, the situations in which 
information-theory language has been 
of value are ones in which conflict is an 
important factor, and the theory of con- 
flict seems to be one area where linkages 
between information theory and behav- 
ior theory may hopefully be sought. 


Decree oF ConFiict (C) 


If the study of conflict is to progress 
beyond noting the effects of its pres- 
ence or absence, some way of distin- 
guishing degrees of conflict will have to 
be adopted. The degree of conflict is, 
of course, not necessarily the same as 
the severity of the effects of conflict, of 
which it is likely to be merely one de- 
terminant. Other determinants would be 
the nature of the conflicting response 
tendencies (e.g., whether they are ap- 
proach or avoidance tendencies [36]) 
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and the conflict tolerance of an indi- 
vidual organism. Brown and Farber 
(11) suggest two conditions for the de- 
gree-of-conflict function (or, as they call 
it, “frustration”), viz., that it increase 
with the absolute strengths of the com- 
peting tendencies, and that it increase 
as their strengths approach equality. 
They, like most writers who have con- 
sidered psychological conflict, confine 
their attention to conflicts between two 
response tendencies. If conflicts involv- 
ing three or more alternatives are to 
be included in the treatment, as would 
seem desirable, the number of compet- 
ing tendencies can be proposed as a 
third variable with which degree of con- 
flict increases (4). 

We can thus state the conditions for a 
degree-of-conflict function a little more 
precisely, as follows. Let us assume 
that response tendencies corresponding 
to a set of responses {R, ... R,} occur 
in an organism, that the responses in the 
set are such that no two of them can be 
performed at once, and that some non- 
negative quantity E (e.g., Hull’s “reac- 
tion potential’) can be associated with 
each response tendency (as a measure 
of its strength). 

It should be noted that, although the 
responses cannot occur simultaneously, 
we are assuming that their correspond- 
ing response tendencies can. Second, 
there is no reason why several independ- 
ent sets of competing response tenden- 
cies should not be aroused in the same 
organism at once. Third, we are con- 
sidering cases where there is com- 
plete incompatibility, whether innate or 
learned, between alternative responses. 
It is, however, conceivable that two re- 
sponses may be partially antagonistic, 
ie., the evocation of one may reduce 
the amplitude or probability of the 
other without excluding its performance 
altogether. This may suggest degree of 
incompatibility between responses as an 
additional determinant of degree of con- 
flict (4), which would complicate any 
mathematical treatment. Possible ways 
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of reducing degree of incompatibility to 
other variables, when learned incompati- 
bility is involved, are considered else- 
where (7). 

The degree-of-conflict function C(E, 
... £,) should then have the following 
properties: 


1. C is continuous and symmetric in 
the E;; 

_c2e; 

.ifn=1,C=0; 


. with >> E; held constant, C reaches 
i=l 


an absolute maximum when £; = 
E: Scoot ce os 


. if A, = E, = --- = E,, and a re- 
sponse R,,,; with strength E,41 > 0 
is added to the set {Ri --- Rn}, C 
increases ; 

. if every E; is multiplied by k > 1, 
C increases. 


Now, let us suppose that we have a 
way of translating the E value for each 
response into a p value, or measure of 
probability, such that 


10<p<1; 
2.20 p= 1; 
i=1 


S. if E, = Ee=+++= E,, then pi = 
pe = eee Pn 1/n; 

. if one £; increases with the others 
held constant, then the correspond- 
ing p increases and the other p’s 
decrease. 


Some theorists (e.g., 12, 16) content 
themselves with probability as a sole 
measure of response strength. Others 
(e.g., 27, 42, 43) recognize additional 
ones, such as latency, frequency, resist- 
ance to extinction, amplitude and vigor. 
Of these, mean latency and mean fre- 
quency are merely the reciprocal of the 
probability that a response of the class 
in question wiil occur during one unit of 
time. Resistance to extinction may be 
regarded as the rate at which response 
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probability decreases when reinforcement 
is withdrawn. But other measures of 
response strength, expressing the energy 
with which the response is performed, are 
not the same as probabilities. Hull (28, 
pp. 25 ff.) and Spence (43, App. A) pre- 
sent methods for transforming Es into 
probabilities, when £ is the Hullian re- 
action potential. Doing this means, 
however, losing information, since many 
sets of E values can be represented by 
the same set of p values. Whenever we 
have two or more independently defined 
response classes, as distinct from one 
response class and its complement, proba- 
bility is a measure of relative and not ab- 
solute response strength. The distinc- 
tion may be important. For example, 
Mr. A. may be torn between his duty 
to the community and his duty to his 
family, while Mr. B may have difficulty 
in deciding whether or not to spend a 
small sum on a newspaper. Both of 
them have two response tendencies with 
probabilities of .5, but in other respects 
the effects of the two conflicts may be 
radically different. 

Be that as it may, the use of probabili- 
ties to express response strengths provides 
us with the partition and the probability 
distribution that are necessary conditions 
for recourse to information-theory meas- 
ures. And if we examine the information 
theorist’s formula for “uncertainty” or 
“entropy” (—)o: pi logs ;), we find that 
it satisfies the first five of our require- 
ments for a degree-of-conflict function, 
but not the sixth. It increases with the 
number of alternative responses and is 
at a maximum when their strengths are 
equal. But it does not vary with their 
absolute strengths. In order to make 
“uncertainty” fulfill all our conditions, we 
can multiply it by some such quantity as 
the mean E. French’s hypothesis (20) 
that the frustrating effects of a binary 
conflict are a function of the weaker of 
the two opposing forces suggests that 
“uncertainty” should be multiplied by 
the minimum rather than the mean E£. 
But this would produce rather anomalous 
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results in higher-order conflicts when 
there are one very weak and several very 
strong response tendencies in competi- 
tion. Our expression for degree of con- 
flict then becomes —E >>; p; log p; --+ 1. 
Put somewhat differently, “uncertainty” 
can be regarded as an indication of the 
“complexity” of a conflict, or of the diffi- 
culty that an observer would have in pre- 
dicting which of the conflictinig responses 
will be the first to occur. It does not 
reflect the “scale” of the conflict, which 
depends on the energy invested in the 
competing response tendencies. There 
may be a temptation to relate these two 
components to the u/ility and probability- 
of-outcome factors that must be taken 
into account in decision theory, or to the 
motivational and structural factors that 
often have been distinguished in psycho- 
logical literature. But any such corre- 
spondence would be misleading. Both 
the “uncertainty” and the EF are deter- 
mined by absolute response strengths, 
which depend on both motivational 
(utility) and structural (probability-of- 
outcome) variables; e.g,, Hull’s “reaction 
potential” (28) depends on “drive” and 
“amount of reinforcement” on the one 
hand and on “number of reinforcements” 
(habit-strength) on the other. It is in- 
teresting to observe that Shannon (41, 
p. 19) gives —K >; p; log p; as the only 
function satisfying his assumptions, and 
goes on to describe K as amounting to a 
“choice of a unit of measure” or, in other 
words, to some scaling factor comparable 
to our E. 

Expression 1 is, however, by no means 
the only one that will accord with 
our requirements. Another function, for 
example, that will do so without ne- 
cessitating a transformation of Z£, is 
Di (log (i Zi) — log E,) --- 2. IF E 
represents Hull’s reaction potential, this 
function will not, in general, have the 
same values as Expression 1, because 
probabilities are not proportional to re- 
action potentials. It will, however, be 
an increasing monotonic transform of 
Expression 1. 
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We are not even confined to logarithmic 
functions, since we lack the additivity 
requirement that makes them mandatory 
for Shannon’s purposes. A non-logarith- 
mic function that will pass muster is 


(© Ei*(n — 1) 
1+2;(E:—#) 


Our requirements are, in fact, very 
weak ones, which a large number of func- 
tions will fit. Further research will, no 
doubt, add stipulations, allowing the 
range of possible functions to be narrowed 
down. For instance, one additional re- 
quirement that may be held reasonable, 
in view both of everyday observation of 
persons confronted with choices and of 
the logarithmic relation that obtains be- 
tween number of alternative stimuli and 
choice reaction time, is that C should be 
a negatively accelerated increasing func- 
tion of m. If this were adopted, then 
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Expression 1 would be among those still 
meriting consideration, but Expressions 


2 and 3 would be ruled out. 


CoRRELATES OF DEGREE OF CONFLICT 


A degree-of-conflict measure, like an 
information-theory measure, can be justi- 
fied as a classificatory device only if 
situations that have a common value 
assigned to them by the measure result 
in similar behavior, much as they may 
differ in other respects. The following 
are some. psychological variables that 
appear likely, in the light of present 
knowledge, to depend on degree of con- 
flict. They may actually turn out to be 
closely interrelated, but they are here 
separated for convenience. 

1. Emotional disturbance. Various 
writers, from Dewey (15) on, have men- 
tioned conflict as a cause of “emotion.” 
Both the special reaction patterns (24) 
and the disruption of habitual behavior 
(31) that are characteristic of “emo- 
tional disturbance” have been ascribed 
to the occurrence of divergent neural 
processes. The power of conflict to pre- 
cipitate neurotic behavior was pointed 
out independently by Pavlov and by 
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Freud, employing very different research 
techniques. So far, merely the depend- 
ence of these phenomena on relatively 
severe conflict has been noted, but fu- 
ture progress may well demand a quan- 
titative treatment, in which intensities 
of disturbance are differentiated and re- 
lated to degrees of conflict. 

2. Reaction time. A lengthening of 
reaction time (or decision time or choice 
time) has often been reported as a con- 
sequence of conflict (see Berlyne [7]). 
A link with information theory presents 
itself in the finding that reaction time 
increases linearly, at least in some con- 
ditions, with “uncertainty” (26, 29); 
mean reaction time has been found to 
increase when alternative stimuli ap- 
proach equiprobability and when they 
become more numerous. If, as we con- 
cluded, the number of competing re- 
sponse tendencies corresponds to the 
number of alternative stimuli, and if the 
relative strengths of those tendencies re- 
flect the probabilities of the correspond- 
ing stimuli, we can infer that two of the 
suggested determinants of C affect re- 
action time. 

Both traditional experimental psy- 
chology and psychological information 
theory have hitherto concentrated on 
“forced-choice” situations, in which only 
one response is appropriate to each al- 
ternative stimulus, and selection of a re- 
sponse depends on identification of the 
stimulus. A recent investigation by the 
writer (7) compared forced choices with 
free choices. For the latter, two or 
more stimuli were presented together, 
and the response corresponding to any 
one of them was to be performed. Both 
kinds of choice can be assumed to en- 
tail conflict: the free choice means a 
conflict between response tendencies of 
about equal strength evoked by the 
stimuli that are simultaneously present, 
while the forced choice means an un- 
equal and therefore relatively mild con- 
flict between a strong tendency to re- 
spond correctly to the one stimulus that 
occurs and weak tendencies to make re- 
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sponses appropriate to other stimuli, re- 
sulting from generalization. The usual 
information-theory analysis of the forced 
choice, in which the S is viewed as a 
transducer with a limited channel ca- 
pacity, is not helpful for the treatment 
of the free choice. 

Free-choice reaction times invariably 
exceeded forced-choice reaction times, 
and both were longer when the number 
of alternative stimuli and responses was 
increased from two to four, as the 
hypothesis that reaction time increases 
with degree of conflict would lead one 
to expect. Furthermore, when the ab- 
solute strengths of the response tend- 
encies—the determinant of degree of 
conflict that is disregarded by uncer- 
tainty—-were manipulated by changing 
the intensity or extensity of the stimuli, 
changes in free-choice reaction time re- 
sulted. 


3. Drive. Various considerations and 


observed phenomena have led a number 


of writers (e.g., 11, 30, 46) to conclude 
that conflict may be a drive condition. 
The drive resulting from conflict as 
such must, of course, be distinguished 
from other drives that may be at a 
high level because conflict blocks the be- 
havior that would normally reduce them. 

A certain amount of evidence for a 
conflict drive was obtained by Lowell 
(30), who found approach-approach 
conflict to produce a greater speed of 
running in rats than a single approach 
tendency. A supplementary observa- 
tion fitting our conception of C was 
that the conflict drive was not so much 
in evidence when the stimuli were un- 
equal in intensity or when learning was 
incomplete (and the competing response 
tendencies presumably relatively weak). 

Wyckoff’s experiment (48, 49) pro- 
vides other data that might be pre- 
dicted from our assumptions. His pi- 
geon Ss were rewarded with food when 
they pecked at a key of a certain color 
and not rewarded when the key was of 
another color. They were then tested 
with the key white, but the color indi- 
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cating whether pecking would be rein- 
forced or not appeared if the animal 
stepped on a pedal. The pedal response 
was rapidly learned, even though it did 
not affect the probability of receiving 
food. It merely diminished the pigeon’s 
“uncertainty” by one bit. The white 
key is reminiscent of the stimulus that 
made the dog neurotic in the famous 
Shenger-Krestovnikova experiment (38, 
pp. 290 ff.). This stimulus, intermedi- 
ate in shape between the reinforced cir- 
cle and the nonreinforced ellipse, was 
thought by Pavlov (38, p. 318), to pro- 
duce a “conflict between excitation and 
inhibition.” If the white key produced 
a conflict in Wyckoff’s pigeons between 
tendencies to peck and to refrain from 
pecking, or between tendencies to ex- 
pect and not to expect food, the color- 
ing of the key that was a consequence 
of stepping on the pedal must have re- 
duced the conflict by strengthening one 
response tendency and weakening the 
other. If a conflict drive is proportional 
to C, reduction of the drive can be ex- 
pected to reinforce the pedal-stepping 
response. When the discrimination was 
reversed, Wyckoff found that the fre- 
quency of the pedal response would 
temporarily decrease. This also fits our 
interpretation, as each color would then 
go through a stage of evoking both 
tendencies, and seeing the colored key 
would thus increase rather than reduce 
conflict. Wyckoff himself offers an al- 
ternative explanation in terms of sec- 
ondary reinforcement, but this leads into 
difficulties, as Prokasy points out in his 
report of a somewhat similar experi- 
ment (39). 

Yet another relevant experiment is 
one by Fonberg (19). She trained dogs 
to perform a certain response (R,) as 
a way of terminating stimuli that had 
been associated with puffs of air or 
electric shocks. The animals then re- 
ceived training in quite a different re- 
sponse (Rz), which was followed by 
food reinforcement in the presence of a 
loud tone but not in the presence of a 
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faint tone. When they were later sub- 
jected to a Shenger-Krestovnikova type 
of conflict by exposure to tones inter- 
mediate in intensity between the posi- 
tive and negative alimentary condi- 
tioned stimuli, they reverted to their 
defensive response (R,). This finding 
indicates that the physiological state 
produced by a conflict, even when nox- 
ious stimuli have played no part in it, 
may be sufficiently similar to the physio- 
logical state (fear or anxiety) resulting 
from a noxious stimulus for generaliza- 
tion between the two to occur. 

4. Curiosity. There is currently a 
good deal of interest in certain sorts of 
behavior whose main function seems to 
be the provision of information, and in- 
formation theory might reasonably be 
expected to throw some light on them. 
The behavior under discussion includes 
the “exploratory” activities that bring 
about opportunities to perceive objects 
more readily; the verbal activities, in- 
cluding asking questions, that elicit in- 
formative verbal behavior from other 
individuals; and the symbolic activities 
that allow thought processes to feed on 
information other than that supplied by 
the immediate environment. 

“Novelty” has often been mentioned 
as a distinguishing mark of situations 
that provoke such activities (2,6). But 
something can either be relatively novel, 
in the sense that it has never been en- 
countered before in its present context, 
or absolutely novel, in the sense that it 
has never been encountered at all. In 
both cases, we have situations in which 
“amount of information” is high, since 
this measure is inversely related to the 
probability of an event, and the prob- 
ability of particular novel occurrence 
must be low in the light of an indi- 
vidual’s past experience. We can also 
speak of conflict in connection with the 
same occurrences. A relatively novel 
stimulus pattern is one in which per- 
ception conflicts with the expectations 
aroused by the context. Moreover, at 
least as far as human beings are con- 
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cerned, any absolutely novel object is 
bound to consist of an unfamiliar com- 
bination of familiar elements or to pos- 
sess characteristics intermediate between 
those of several well-known objects. 
Such an object can be expected to in- 
duce conflict, since it will inevitably 
evoke, by generalization, responses ap- 
propriate to a number of discrepant 
familiar objects. 

Other words that seem apposite to 
situations that call for investigatory be- 
havior are “doubt,” “perplexity,” and 
“ambiguity.” These words likewise im- 
ply some degree of behavioral conflict; 
they indicate that different aspects of a 
situation evoke discordant reactions or 
else that a particular reaction is called 
forth by one aspect and inhibited by 
another. They are opposite in mean- 
ing to words like “clear” and “distinct,” 
which generally imply that certain re- 
sponse tendencies have come, through 
discriminatory learning, to predominate 
over their competitors. “Doubtful,” 
“perplexing,” or “ambiguous” stimulus 
situations are usually also cases of high 
“uncertainty” in the information-theory 
sense, both because the subject cannot 
predict very successfully what the fu- 
ture behavior or the hidden properties 
of the entities will be, and because 
observers will not be able to predict 
very successfully how he will react to 
them. Nevertheless, curiosity is by no 
means always commensurate with “un- 
certainty”; there are many events whose 
outcomes are uncertain and yet which 
leave us completely indifferent. For 
knowledge of the outcome to be reward- 
ing, the event must be of some “inter- 
est” to us, which usually means that 
strong habits or drives must be aroused. 
In other words, curiosity seems to be a 
matter of conflict rather than of “un- 
certainty” alone; “uncertainty” may be 
high, but there will not be much conflict 
if the absolute response strengths are 
low. That human beings, like Wyckoff’s 
pigeons, find relief from doubt about 
vital matters rewarding, even when the 
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truth is unpleasant, is attested by com- 
mon experience. Of the convicts studied 
by Farber (18), those who did not know 
how much time they would have to 
serve suffered more than those who 
were certain that they would never be 
paroled. 

The writer suggested a few years ago 
(4) that at least some forms of human 
curiosity spring from the drive-produc- 
ing properties of conflict. The conflicts 
that seem especially pertinent are those 
between implicit, most often symbolic, 
responses, such as “beliefs,” “ways of 
thinking,’ and “ways of perceiving,” 
whose incompatibility is largely an ef- 
fect of learning. There are experimen- 
tal data supporting the conclusion that 
curiosity, measured in various ways, is 
an increasing function of C (5, 8, 9). 

5. Stimulus complexity. Among the 
various properties by which stimulus 
patterns can be classified, there is a 
group that can only be described collec- 
tively by some such term as “com- 
plexity.” They are hard to define rig- 
orously, and a number of quite distinct 
dimensions will, in all likelihood, be un- 
raveled by attempts to do so. But the 
influence of this aspect of perceived ma- 
terial is revealed in several contexts: 
the special properties attributed to less 
complex (more “pragnant”’) figures by 
the Gestalt school, the bearing of de- 
gree of complexity on aesthetic prefer- 
ences, and, more recently, the influence 
of stimulus complexity on exploratory 
behavior on animals (see 10). 

Attneave (1) has related the “com- 
plexity” dimension in visual figures to 
information theory through the concept 
of “redundancy,” the inverse of “rela- 
tive uncertainty.” His treatment sug- 
gests a possible link between these vari- 
ables and conflict. More “complex” 
stimulus patterns might well be those 
arousing more conflict, e.g., between 
perception of one part and expectations 
or redintegrative perceptual responses 
(3, 24, 37) aroused by other parts, be- 
tween verbal or other classificatory re- 
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sponses, or between ocular and other 
orienting movements. If this hypothe- 
sis is well founded, we should expect 
more “complex” (or less “redundant’’) 
figures, like figures arousing conflict in 
other ways, to elicit more investigatory 
behavior. Experimental data confirm- 
ing this prediction are available (8, 9). 

6. Reward. While the punishing or 
drive-producing role of conflict is more 
evident and has received more atten- 
tion, the possibility that conflict and 
uncertainty may at times be rewarding 
is suggested by gambling and aesthetic 
behavior. Similarly, journalistic prac- 
tice seems to indicate a positive relation 
between the reward value of a piece of 
news and the “amount of information” 
it contains, which depends on its im- 
probability or surprisingness (40). Sur- 
prise, like novelty, seems to mean some 
sort of clash between the reactions 
occasioned by an unexpected situation 
and those evoked anticipatorily through 
previously established habits (3). Sur- 
prising statements are, at least in cer- 
tain circumstances, recalled more readily 
than others (5), and maze-learning ex- 
periments (see 10) show that exposure 
to a more complex environment (which, 
as we have seen, may mean a more con- 
flictful environment) can be more rein- 
forcing than exposure to a simpler one. 

If conflict is usually an aversive con- 
dition but occasionally functions as a 
reward, it resembles fear, which likewise 
seems to be actively sought at times, 
e.g., at fairgrounds and in dangerous 
sports. The analogy with fear suggests 
two hypotheses to account for the para- 
dox. One is that drive arousal may be 
rewarding at a moderate level. Hebb 
refers to “the positive attraction of risk 
taking, or mild fear, and of problem solv- 
ing, or mild frustration,” and speculates 
that “when arousal or drive is at a low 
level, . . . a response that produces in- 
creased stimulation and greater arousal 
will tend to be repeated” (25, p. 250). 
McClelland e¢ al. (33) propound a 
rather similar hypothesis, whose bear- 
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ing on conflict is a little more conspicu- 
ous: “positive affect is the result of 
smaller discrepancies of a sensory or 
perceptual event from the adaptation of 
the organism; negative affect is the 
result of larger discrepancies.” There 
have been a number of recent studies 
(e.g., Marx et al. [32]) showing that 
an increase in illumination up to a cer- 
tain intensity will reinforce a bar-press- 
ing response in a rat, while light of 
much greater intensity is known to be 
aversive. 

The second hypothesis is that such 
states as fear or conflict are sought only 
when their arousal in similar circum- 
stances has reliably and speedily been 
followed by drive reduction in the past. 

Two recent works by empirically 
minded aestheticians provide some cor- 
roboration for these hypotheses. Graves 
(22) contends that the appeal of a 
visual design depends on variety, but 
that one part or quality must be made 
to dominate the others if the effect is to 
be satisfying. This would keep within 
bounds any conflict aroused. In accord 
with the second hypothesis, Meyer (34) 
shows that music owes much of its savor 
to continual departures from what pre- 
ceding or accompanying patterns lead 
the listener to expect. But what is ini- 
tially heard as an incongruity is in- 
vested with a new meaning by what 
follows, so that the momentary conflict 
is promptly resolved. 


SUMMARY 


The use of information-theory meas- 
ures is possible whenever there is a par- 
tition and a probability distribution. 
The stimuli and responses of behavior 
theory fulfill these conditions, but the 
situations in which information-theory 
language has proved useful to psychol- 
ogy have been ones in which conflict is 
an important factor. The “uncertainty” 
function satisfies some of the require- 
ments that may reasonably be laid down 
for a measure of “degree of conflict.” 
But it does not satisfy them all with- 
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out some modification, because it de- 
pends on the relative but not the abso- 
lute strengths of competing response 
tendencies. 

A discussion of six psychological vari- 
ables that appear to depend on degree 
of conflict reveals several further links 
with information theory. The variables 
are emotional disturbance, reaction time, 
drive, curiosity, stimulus complexity, 
and reward. 
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I have been asked to offer a paper on 
perception, one that may be of some 
relevance to the manner in which the 
brain mediates perceptual processes. I 
admit to no special expertness in the 
neurophysiology of perception, although 
I have followed the growing literature 
with an increasing interest and a sense 
of excitement. There was a time, let 
me confess, when as a student of per- 
ception and thinking I operated on the 
working assumption that as far as I was 
concerned the nervous system was made 
of green cheese. This form of intellect- 
ual cheek, this know-nothing attitude, 
gives me little comfort nowadays. Yet 
many of my colleagues assure me that 
nothing we can find out about the nerv- 


ous system can in any sense “explain” 
what we know about the subtle mixture 
of sensory, mnemonic, and inferential 
activity that we call perception, for, as 
they say, psychological theory does not 
reduce to neurophysiology any more 
than neurophysiology reduces to elec- 


tromagnetic theory. I believe both of 
these assertions to be true. Yet, I have 
a lingering doubt. Indeed, I can even 
illustrate my doubt. 

Some years ago I came to the conclu- 
sion, to simplify the matter grossly, that 
perceptual selectivity seemed to operate 
like a gating process that had the char- 
acteristic of raising the identification 
threshold for certain classes of stimuli 
and lowering them for others; and I sug- 
gested that rather than viewing such 
threshold differences as due to speed of 
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associational processes set up by dif- 
ferent inputs, inputs might be conceived 
as being differentially gated out before 
ever reaching a stage of association. My 
argument was based on considerations 
of economy of functioning—that very 
likely perception had as one of its func- 
tions the task of screening out irrelevant 
stimuli and letting through relevant 
ones, an important consideration for liv- 
ing organisms who have a perilously nar- 
row attention or immediate memory 
span. Implicitly, I was resisting a classi- 
cal bit of neurophysiology as well: the 
doctrine about projection areas being 
linked up directly with association areas 
that enriched or “gave meaning” to sen- 
sory inputs. So I obviously was not 
completely independent of neurophysio- 
logical issues even at that time. During 
the past year, moreover, I have had oc- 
casion to read papers by Hernandez- 
Péon and associates (28) and by Ga- 
lambos and associates (20)—both in- 
dicating that neurophysiologically, too, 
there seems to be evidence that screen- 
ing or gating of inputs takes place as 
far peripherally in the auditory system 
as the cochlear nucleus. A cat, dis- 
tracted by a mouse introduced into its 
visual field, ceased to show normal 
evoked potentials from this nucleus, far 
out though it was in the system. I was 
quite overjoyed—and in a manner not 
fit for somebody who claimed to be- 
lieve that psychological theory must be 
self-sufficient—that it must not look for 
explanations in the black box of the 
nervous system. 

Donald Hebb (24) provides me with 
an explanation of my unseemly joy. In 
a delightful paper in which he directs his 
shafts against the more unthinking type 
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of antiphysiological bias in psychologi- 
cal theory he remarks, “The idea in 
rejecting physiology was to use only 
‘purely behavioral’ conceptions, but some 
of these were actually of physiological 
origin and continue to exert a physio- 
logical influence on psychology” (24, p. 
40). Or, as he says in a paper some 
years later, “. . . the psychologist who 
avoids physiological conceptions merely 
succeeds in avoiding modern ones, and 
is likely to have his thinking dominated 
by older ideas, vintage of 1890” (25, p. 
404). And in fact, this has been the 
grave difficulty with physiological no- 
tions in psychology: their half life is too 
long, so long that their origins are for- 
gotten and they become psychological 
gospel. My malaise with the associa- 
tional theory of selective perception was 
a dissatisfaction with old neurophysi- 
ology masquerading as psychological 
theory. This is not to say that I wish 
to offer psychological theory to the con- 
temporary neurophysiologists, but to find 
out, rather, what kinds of parallels and 
linkages might exist between what we 
believe to be the case in perception 
and what is gradually emerging concern- 
ing neurophysiological mechanisms that 
might mediate such processes. I might 
even hope that the way we as psycholo- 
gists talk about perception might sug- 
gest some neurophysiological ideas to 
neurophysiologists! 


THREE FUNDAMENTAL PROBLEMS 


There are three broad questions that 
one may ask about the perceptual proc- 
ess and these comprise, I think, most of 
the diverse activities that research work- 
ers concern themselves with in the study 
of perception; they are questions which, 
I think, lead most directly to neuro- 
physiological speculation and inquiry. 

The first of these is “How does per- 
ception represent the structure of the 
physical environment that constitutes 
stimulation?” Questions of this order 
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are familiar. How, to take an example 
from some work of Pfaffman (39), does 
salty taste get transmitted to the cortex 
in such a way that it can there be dis- 
tinguished from quinine or acid? Or 
how do organisms learn to represent the 
probability structure of the environ- 
ment, so that they may go swiftly and 
easily from a few cues like color, shape, 
and texture to the identification or in- 
ference of, say, an apple? There are 
far more complicated versions of this 
question, but these we can consider be- 
times. Indeed, if there is anything to 
be said for the James-Lange theory of 
emotion, one must include here the ques- 
tion of how afferent impulses from the 
autonomic system are represented per- 
ceptually. 

The second question is also simple— 
deceptively so, like the first one. “What 
accounts for the fact that perception 
may remain relatively constant while 
the physical stimuli operating at the 
receptor surface are varying drastically?” 
Here we are dealing with several seem- 
ingly different kinds of phenomena. The 
first is the phenomenon of constancy: the 
size, shape, color, and brightness con- 
stancies. In a field with distance cues 
available, an object moving away from 
the observer does not change in appar- 
ent size at anywhere near the rate re- 
quired by the inverse square law that 
governs the size of the retinal image. 
Or, with field-illumination cues present, 
two surfaces with the same albedo ap- 
pear of about the same brightness, even 
though one be in shadow and the other 
in diffused sunlight and their total lumi- 
nous flux different by an order of mag- 
nitude. Moreover, for all save the very 
young child, objects maintain their iden- 
tity though they change appearance— 
seen from the front or the rear, disap- 
pearing behind a screen and reappearing, 
going through various distortions. A 
range of highly variable figures are per- 
ceived and discriminated as triangles so 
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long as they possess certain criterial 
properties and regardless of other vary- 
ing features, such as difference in size, 
texture, and so on. Indeed, the phe- 
nomena of linguistics are rife with ex- 
amples of such constancy in the face of 
perceptual variability. Wide ranges of 
speech sounds are rendered constant, if 
they comprise the range included in a 
phoneme, and it is characteristic that 
variations within a phoneme are not no- 
ticed. Given the phonemic structure of 
Japanese, the naive Japanese listener 
does not notice the difference between 
“rice” and “lice,” “lobster” and “rob- 
ster”—the latter word having actually 
appeared in a Japanese-English maga- 
zine in place of the former. 

The third question covers an equally 
wide range of problems. “What ac- 
counts for the fact that perception may 
vary while the stimulus input remains 
constant?” Here we deal with phe- 
nomena all the way from spontaneous 
alternation of such unstable three-di- 
mensional figures as the Necker cube to 
reorganization of the perceptual field 
under conditions of change of set. One 
moment we do not understand a sentence 
spoken to us and the next moment we 
do, though it has been repeated in identi- 
cal form. 


PERCEPTUAL REPRESENTATION 


When we say that perception repre- 
sents the physical world of stimuli with 
which an organism has sensory com- 
merce, we mean essentially that percep- 
tion is varyingly predictive. That is to 
say, to take a banal example, if one stick 
appears longer than another when some 
distance removed from each other, they 
will likely show the property that one 
will overlap the other when placed one 
next the other, or that one will actually 
“measure” longer than the other when 
the technological aid of a foot rule is 
employed. 

It was the objective of Weber (54), 
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then of Fechner 13), to state a gen- 
eral psychophysical law to describe the 
translation of stimulus magnitudes into 
subjective magnitudes. The most re- 
cent reformulation of this general law 
is Stevens’s: “. . . there is a general psy- 
chophysical law relating subjective mag- 
nitude to stimulus magnitude, . . . this 
law is simply that equal stimulus ratios 
produce equal subjective ratios” (46, p. 
153). We shall return to this matter 
shortly. 

Even when such simple prediction 
fails, the malprediction is more often 
than not systematic, and still contains 
the basis of a prediction. Add to the 
sticks the tails required to create the 
Miiller-Lyer illusion and the simple foot- 
rule prediction breaks down; but the 
breakdown is systematic and, if the per- 
ceiver has the right transformation equa- 
tion with which to correct his prediction, 
he will still come out all right. This is 
not to say that perceptual experience is 
a unique isomorph of the physical at- 
tributes of the stimulating environment, 
for patently it is not. There is error of 
a random type also operating. Partly 
the error can be thought of as a result 
of the imperfect resolving power of 
the sensory receptors and their related 
neural tracts and centers. Partly, the 
error can be attributed to the presence 
of various forms of centrifugally gen- 
erated noise, or even, possibly, to the 
operation of centrifugal control mecha- 
nisms of the type discussed by Granit 
(22). 

There is another form of representa- 
tion which, on the face of it at least, 
seems of a different order. It has to 
do with the representation of objects 
in the environment, and such represen- 
tation must obviously be learned. It 
consists, to use the phrase of the bril- 
liant, and tragically dead, young Cam- 
bridge psychologist-physiologist, Ken- 
neth Craik, in a process of model build- 
ing, the construction of neural models 
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or “templates” to represent the redund- 
ant structures of the environment. No- 
where is the importance for perception 
of such representing models more evident 
than in the study of perception under 
tachistoscopic presentation. Given a 
brief flash of a complex object, say a 
picture of a human figure at 10 milli- 
seconds in good illumination, a subject 
picks up a few defining cues, infers the 
rest, and with little difficulty and con- 
siderable confidence announces that he 
has seen a man, a generic man, to be 
sure, but a man nonetheless. If what 
has been presented in the tachistoscope 
reflects the high-probability redundan- 
cies of the environment, our subject will 
be right. If, however, we make up the 
stimulus picture with the head of a 
giraffe, the arms of a gibbon, the trunk 
of a bear, etc., then our subject will 
be, for practical purposes, the victim of 
his redundancy-matching models. We 
know from the brilliant observational 
studies of Piaget, particularly from his 
Construction of Reality in the Child 
(40), and from the somewhat ambiguous 
accounts of von Senden (44), the diffi- 
culties encountered in perceptual iden- 
tification when there has been no in- 
tervening opportunity for an organism 
to construct such representing models 
for environmental objects. 

Let me recount briefly some of the 
characteristics of perceptual representa- 
tions as these have come to be known 
over the last half-century of relatively 
uninterrupted research on this topic. 

1. The categorial nature of represen- 
tation. What is most characteristic of 
perceptual representation is that it is 
categorial in nature, better describec in 
the language of set theory and Boolean 
algebra than any other. An input is 
allocated to a class of objects and 
achieves its identity thereby. We see tri- 
angles, lines, apples, people. Ordering 
by subjective magnitude can be shown 
to ve subservient to this first primitive, 
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rather conceptual placement. “Big” or 
“small” as a subjective judgment de- 
pends upon the summary midpoint of 
the class in which the object has been 
placed, and it is still something of a 
moot point how the nervous system esti- 
mates the first moment of magnitude 
or quality of the distribution of objects 
that are arrayed in a class. It is further 
the case that the process of achieving 
placement of an input is often an itera- 
tive estimation procedure.*? You are try- 
ing to guess the square root of a num- 
ber, say 4. Guess any number less than 
4. Divide 4 by this number. If the 
quotient is bigger than the number you 
divided by, the guess is too small, and 
vice versa. So now take the mean of the 
guess and the quotient. Use this as 
your next guess. In a few turns, you 
will will be very close indeed to the 
square root. So it seems to go, in a 
general way, with categorization of in- 
puts. There is a first guess—deter- 
mined by the expectancy of the organ- 
ism. It is tried out and found to “fit” 
only approximately. The result of the 
attempted placement is then somehow 
averaged with the original guess, and on 
it goes. This is a gross oversimplifica- 
tion, but it will serve us for now. What 
it fails to describe is the frequent dis- 
continuity of the process of placing, but 
we will come to that when we speak of 
the variability of perception in the face 
of a constant stimulus. 

The iterative or, more likely, Mar- 
kovian nature of successive approxi- 
mation in perceptual identification also 
makes more understandable both the 
systematic nature of errors in identifica- 


2T am grateful to Professor R. C. Oldfield 
of Oxford for bringing this possibility to my 
attention. The analogy and disanalogy be- 
tween iterative procedure in mathematical 
estimation and in cognitive operations is de- 
veloped in his “Some Principles of Convergence 
in Thinking,” presented to a Symposium on 
Thinking held at St. John’s College, Cambridge, 
during the summer of 1955. 
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tion observed in tachistoscopic percep- 
tion and the abrupt manner in which a 
long series of increasing errors some- 
times gets corrected. If, for example, 
a subject is presented successively at 
rapid exposure with a stimulus array 
containing an incongruous element—say, 
a pictute of a discus thrower, wound for 
the throw but holding a bass viol in his 
free hand—there will be a series of 
iteration-like atempts to deal with the 
incongruity soon after the perceiver is 
able to report that he perceives an ath- 
lete in action. It is a “shadow across 
the front of the athlete” or “a track offi- 
cial kneeling” or a “sprinter going past 
on the track,” and these hypotheses be- 
come elaborated on successive exposures: 
inhomogeneities are seen as the track 
official’s hat or as a sweat suit on the 
passing sprinter. Finally, the elabora- 


tion reaches a point where its lack of fit 
become obvious and there is a notable 
disorganization of perception, until a 


new series of approximations begins (cf. 
Bruner and Postman, 7). 

Perceptual identification or placement, 
then, can be likened to the determination 
of the fit between a model and some 
sample that is being matched to it. We 
know precious little about the nature of 
the models that are constructed neurally 
to represent the attributive and proba- 
bilistic structure of the individual’s en- 
vironment, although various models have 
been proposed, depending in the main 
upon the development of reverberatory 
circuits and synaptic boutons, as in 
Hebb’s conception of cell assemblies and 
phase sequences (23), or upon redupli- 
cation patterns propagated across the 
entire cortex, as in Lashley’s ingenious 
conception of memory traces, concern- 
ing the failure of whose location he 
writes so provocatively (32). But it 
is not about these structures that I wish 
to speculate, for there has been enough 
speculation on this subject in ratio to 
the meager findings available. Rather, 
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it is with the process of matching or 
placing of inputs that I wish to concern 
myself briefly. 

We know that rhythmic activity from 
the surface of the brain is related to at- 
tention, and that alpha rhythm is dis- 
rupted and replaced by more aperiodic 
rhythms when attention is directed to 
a stimulus. Let me put this finding to- 
gether with two others. The first re- 
lates to the rhythm recorded from the 
olfactory bulb of the rabbit by Adrian 
(2), a rhythm of high frequency of 80- 
100 per second that continues so long as 
the animal is breathing regularly. If an 
odorous substance be introduced or the 
animal begins to sniff, “the rhythm dis- 
appears or gives place to the slower 
rhythm which occurs at each aspiration 
and is due to the olfactory discharge. 
Within a short time, 20 seconds or less, 
the rapid rhythm returns although the 
olfactory stimulation continues . . . but 
a change in the stimulus may suppress 
it again.” Adrian then goes on to say, 


The organization of the olfactory pathways 
may be quite different from those for other 
forms of sensation, but it is natural to ask 
whether the rhythms found in the cerebral 
cortex may not operate in the same way, 
whether their function or part of it is not 
to block the passage of further afferent dis- 
charges when the information has served its 
purpose. The reticular formation might well 
be the decisive factor in the direction of at- 
tention, ie., in the suppression of the rhythm 
in one region, for the signal arriving by the 
direct route to the cortex reinforced by one 
from the [reticular] formation might disrupt 
the rhythm and gain a clear path, whereas a 
signal not so reinforced would be unable to 
break the barrier (2, p. 243). 


It should be noted immediately, how- 
ever, that too much arousal reaction may 
have the effect of interfering with the 
signal arriving at the cortex. Psycho- 
physical experiments show, on the whole, 
that too alert an observer pays a price 
in a raising of sensory thresholds, and 
that a certain amount of relaxation in 
the observer yields the lowest thresholds. 
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Yet, this special point aside, Adrian’s 
observation fits well with what we know 
of the operation of attention. 

A recent paper by Sharpless and 
Jasper (45) provides parallel and more 
elaborated evidence on the role of 
arousal reactions—evidence on the ha- 
bituation of such reactions. These writ- 
ers point out that it has been known 
for twenty years that with direct re- 
cording from the cortex of unanes- 
thetized animals one may observe ha- 
bituation to such ordinarily attention- 
compelling stimuli as sharp whistles and 
claps. The authors set themselves the 
task of analyzing the locus and the spec- 
ificity of such habituation effects, re- 
cording from the cortex and from sub- 
cortical areas in cats with chronically 
implanted electrodes. Stimuli were re- 
peatedly presented to normal sleeping 
cats whose electrocorticograms showed 
a clear sleep pattern. With habituation 
to a given stimulus, the duration of ac- 
tivation declined and its latency in- 
creased strikingly, sometimes showing a 
20-secord period between stimulation 
and activation onset. Eventually, com- 
plete habituation would occur. These 
patterns and the habituation effects were 
recorded from the cortex as well as from 
the mesial thalamus, the posterior hy- 
pothalamus, and the midbrain reticular 
formation. With respect to the spec- 
ificity of habituation, a critical point 
in our discussion, 


If either the intensity or duration of a stimu- 
lus to which the animal had become completely 
habituated was increased, it became capable 
of arousing the animal. More interesting, 
however, was the specificity of the habitua- 
tion process to the quality of the repeated 
stimulus. Thus, if the animal had become 
completely habituated to a repeated tone, it 
could still be aroused by a light touch, a 
change in illumination, or by a tone of a dif- 
ferent frequency (45, p. 662). 


While the authors report some general- 
ization of habituation to tones differing 
somewhat in frequency, they remark that 
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it is variable. They note also that “ha- 
bituation was occasionally specific not 
only to the pitch of a sound, but also to 
the arrangement of tonal elements within 
the sound—its pattern.” If a cat had 
been completely habituated to a tone 
falling in pitch from 5,000 to 200 c.p.s. 
in 4 sec., presentation of the stimulus 
pattern in reverse—rising from 200 to 
5,000 in the same time—would produce 
activation. Destruction of the auditory 
cortex did not alter the pattern of ha- 
bituation observed in intact animals nor 
its specificity—save for habituation to 
pattern, which was not found in such 
operated cats. Subcortical lesions, how- 
ever, seriously disrupted specificity of 
habituation to tonal pitch, notably sub- 
cortical lesions that prevented direct pas- 
sage of signals to the cortex but left in- 
tact the collateral pathways to the re- 
ticular system through which auditory 
signals could get to the hemispheres. 

In sum, then, the evidence of Sharp- 
less and Jasper seems to indicate that the 
arousal pattern that may subserve the 
selectivity of attention is capable of con- 
siderable selectivity of habituation to 
environmental stimulation. If habitua- 
tion has this degree of specificity, it 
seems not unlikely that the obverse proc- 
ess, selective attention built up through 
training, might operate by a parallel sub- 
cortical mechanism—selectively reinfore- 
ing not only “non-habitual” stimuli but 
also stimuli to which, through training, 
special significance had become attached. 
Such reinforcement may be essential for 
the stimulus input to reach a level of ac- 
tivation where a “fit” can be made be- 
tween an input and a “model.” 

The test of this is in principle not 
difficult to make although it is prob- 
ably very difficult technically—at least 
for the while. If it can be shown that 
there is an onset in arousal impulses 
from the reticular system that occurs 
while an observer is trying to “figure 
out” the nature of an input, and a dimi- 
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nution following the identification of the 
stimulating object, then it would seem 
more plausible still that “effort after 
meaning,” to use Bartlett’s phrase, is de- 
pendent for its fruition upon reinforc- 
ing stimulation from the reticular system 
—either to clear the track for it, or to 
make possible the process of matching. 

2. The summary nature of perception. 
The act of perceiving almost always is 
accompanied by a loss of information. 
That is to say, if we think of the per- 
ceptual process as an input-output sys- 
tem, we find that no matter how we 
measure the nature of the input—either 
by physical measurement or by a con- 
sensus of observers—the limited atten- 
tion span of the human organism (and 
presumably lower organisms as well) im- 
poses loss in the transmission of in- 
formation, even asuming that internally 
generated noise could be eliminated. 
This seems to me to be intuitively obvi- 
ous, though it ends one in much com- 


plication trying to measure the nature 


or extent of the loss. The only known 
way of combatting loss in transmission 
is by a process of what Miller (37) has 
recently described as “recoding of in- 
put.” If it is the case, and the evidence 
speaks rather overwhelmingly for it, that 
atention or immediate memory span is 
for about seven units plus or minus two, 
the recoding process consists of regroup- 
ing the input such that each of the 
seven places, so to speak, is filled with 
more valuable coin. A good example is 
the phenomenon of segmentation in lan- 
guage perception—perception either of 
speech or of written language. Pre- 
sented with an array of letters, we do not 
try to take in the individual letters, but 
to recognize words. While we have a 
span of from eight to ten random let- 
ters, the span for letters when grouped 
into words is much greater. So too 
with the speech flow and its segmenta- 
tion into words on the basis of phonemes. 
But no recoding is so perfect that it 


Jerome S. BRUNER 


makes it possible to scan a great slice 
of the universe and recode it without 
information loss, for most of the forms 
of recoding we employ fall considerably 
short of such comprehensiveness, so that 
wherever we turn there is information 
loss. 

Now may I quote a debate reproduced 

in the volume Brain Mechanisms and 
Consciousness, the symposium on the re- 
ticular system held in 1953, a debate 
between Bremer and Fessard. Bremer 
is criticizing the idea that integration of 
perception occurs at a locus; the par- 
ticular locus he is decrying is the reticu- 
lar formation. “I would certainly not 
have chosen the reticular formation for 
that location on account of the fact 
that information is lost there by reason 
of neuronic convergence and occlusion. 
Conscious integration excludes dilution 
and loss of information” (5, p. 245). 
Fessard defends his conception of locus, 
and particularly the locus of the reticu- 
lar formation, in part in these words, 
with which I thoroughly agree without 
taking sides on either the notion of a 
specific locus or the role of the reticular 
system: 
Dr. Bremer has judiciously pointed to its main 
difficulty, that is, to the loss of information 
that would result from the simultaneous ar- 
rival of impulses from different origins upon 
the same neurone, as we now know that this 
happens in the reticular formation. I admit 
that this difficulty is not easily disposed of, 
but I do not agree with Dr. Bremer when he 
says that integration cannot go with loss of 
information: psychologists would certainly sup- 
port the idea that integration is only obtained 
at the cost of big losses of detail, as when a 
perceptive Gestalt is apprehended as a whole, 
its components being totally ignored (14, p. 
248). 

I should like to propose, as an hy- 
pothesis, that both Bremer and Fessard 
are correct—the former in denying locus 
to integration, the latter in assuming 
that loss through convergence and occlu- 
sion is a feature of afferent transmis- 
sion, just as loss of information is a fea- 
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ture of perceiving generally. Two lines 
of argument and evidence seem to rec- 
ommend themselves here. The first is 
Lashley’s argument about summation in 
the afferent system; the second is the 
point of view put forward by Rosen- 
blith (42) in discussing the bioelectric 
fate of a click from the round window 
to the auditory receiving area. 

Lashley, as you know, finds the sum- 
mative characteristic of neural activity 
a necessary parallel to the nature of 
conscious experience itself. 


A point of fundamental importance for a 
theory of the neural basis of perception is that 
there is never awareness of the integrative ac- 
tivity of the brain while it is in progress. 
The perceived items are always the product 
of preceding and complex integrative proc- 
esses. Visual distance is a good illustration of 
this. Things are seen as near or far, yet this 
distance is actually determined by a number of 
variables, binocular parallax, estimates of rela- 
tive size, texture, etc. which are not separately 
perceived but are only revealed by experi- 
mental isolation. . . . So in every case, that of 
which we are aware is an organized struc- 
ture; the organizing is never experienced (33, 
p. 424). 


Lashley then goes on to consider neu- 
ral summation. 


Consideration of the role of summation in 
neural activity reveals a similar characteristic. 
Even at spinal levels summation of excitations 
is essential for reaction. Summation com- 
bines a multiplicity of excitations into a single 
effective unit which the resultant reaction can- 
not analyze into separate elements. So also 
we must conceive of higher level integration 
as a sequence of excitations, individually in- 
capable of exciting further activity, but con- 
tinually summating to arouse the succeeding 
neural patterns (33, p. 424). 


It is perfectly apparent that given 
such a model of summation—and I shall 
assume that it inevitably involves stages 
of convergence and occlusion—it is not 
necessary to suppose that integration has 
a particular locus. It is the entire range 
of summative activity, from the brain 
stem and lower on up to the cortex, that 
enters into integrative action. I will 


347 


make bold to propose that an under- 
standing of the mature of this summa- 
tive activity is what will provide the 
key to an adequate understanding of 
how it is that perception loses informa- 
tion both systematically and randomly, 
and thereby manages to achieve inte-. 
gration and summary representation. 

Let me turn briefly to one proposal 
concerning the nature of summative ac- 
tivity, to a model inherent in Rosen- 
blith’s conception of click transmission 
in the auditory system. 


We are inclined to interpret the electrical re- 
sponses that our wire electrodes record as 
summated activity from a sample of a popu- 
lation of neural elements at a given station of 
the auditory nervous system. The number of 
neural elements that contribute to a response 
depends upon the intensity of the stimulus 
that is used. As has been shown [by McGill 
and Rosenblith (36)], the amplitude of an 
evoked response can—within certain limits— 
be interpreted as an estimate of the probability 
of response of the neural population under in- 
vestigation (42, p. 5). 


Rosenblith is concerned in this passage 
principally with the problem of ampli- 
tude of response, and it may well be that 
the statistical operation of the auditory 
and other systems works by a simple 
system of unbiased sampling-summation 
where amplitude is concerned. But there 
is also good evidence that higher-level 
units respond to biases in the sample of 
lower-level units that summate to acti- 
vate them. The best evidence of this is 
provided by close analysis of the sys- 
tematic patterns of discharge that occur 
at lower levels in response to known 
physical properties of stimulation. Again 
audition serves us well. Consider the 
second-order neurones in this system, as 
studied with microelectrodes by Galam- 
bos and Davis (18, 19). As Davis sum- 
marizes it: 


Each second-order neuron is “tuned” to a 
particular frequency. Less acoustic energy is 
required at this frequency than at any other 
to set up impulses. Near threshold, the tun- 
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ing is very sharp, but the neuron responds to 
a broader and broader band of frequencies as 
the intensity is increased. . . . Even for fairly 
strong tones the tuning of each neuron to a 
particular frequency is still apparent (9, pp. 
1128-1129). 


This is the situation at the second- 
order neurones, after transmission across 
a single synapse. Unfortunately, the 
data available on the pattern of firing 
in the spiraling single neurones of the 
short eighth nerve (47) do not provide 
a simple picture of how firing patterns 
in the first neurone signal across the 
synapse to the second neurones of the 
auditory system, nor do they indicate 
whether there is a summation pattern 
operative there. When we tune the or- 
ganism to listen to pitch or to loudness 
o1 ‘) density of a tone, or to some par- 
ticular pitch or loudness or density, it 
may well be that the nature of the sum- 
mation required for firing a higher-order 
unit changes as far down the pathway 
as the first synapse, and that the re- 
sultant final message to the auditory re- 
ceiving area reflects these changes in na- 
ture of summation. We must beware of 
being too impressed by the elegant and 
relatively invariant cortical mapping of 
auditory frequencie. found for the anes- 
thetized dog’s brain by Tunturi (50, 51). 
Anesthesia plays funny tricks and, as 
Békésy (4) has suggested, “for every 
level of anesthesia we will probably have 
a hearing theory.” 

What I would like to suggest—and I 
have no neurophysiological warrant for 
doing so but only a hunch based on psy- 
chological observation—is that the form 
of biased sampling of lower-order units 
that determines the summated activation 
of higher-order units is very likely con- 
trolled by centrifugal control mecha- 
nisms that serve to program lower-order 
stations in the afferent system. These 
may be thought of as orders for types of 
summation that can effectively trip off 
higher order neurones on which lower 
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order neurones converge, and it may well 
be that such changes in nature of sum- 
mation account for the way in which the 
summary nature of perceiving changes as 
a function of change of set in the or- 
ganism. Adrian puts the matter meta- 
phorically: 


. . . in normal waking life the picture that is 
presented to consciousness has many details 
left out. First one element of the pattern 
claims our attention, then another. At some 
stage the complete report from the sense or- 
gans must be subjected to an editing which 
emphasizes the important items and sets the 
unimportant aside. There is clearly some such 
editing at work in most of the sensory path- 
ways. . . . It might be expected wherever the 
signals pass through a sheet of closely con- 
nected neurones (2, p. 239). 


He then goes on to suggest two possi- 
bilities as to where this editing might 
occur: 


One is that the afferent signals from, e.g., the 
ear may be summarized on their way up the 
auditory pathway, but that the content of the 
message is allowed to reach the cortex what- 
ever may be going on in the other sensory 
pathways. This means that at any moment 
the cortex would have at its disposal the com- 
plete pattern of the environment provided by 
the sense organs, but that there is some con- 
trolling mechanism (of which the reticular for- 
mation may be a part) to decide that the 
auditory elements of the pattern should have 
priority and to make the auditory region of 
the cortex specially receptive and the other 
areas less receptive. The other possibility is 
that the controlling mechanism operates at an 
earlier stage and that we attend to the sound 
and are unaware of contacts and pressures be- 
cause the auditory signals are allowed to reach 
the cortex and the tactile signals are not (2, 
pp. 239-240). 


Is it not conceivable that successive 
“synaptic editing” could occur, con- 
trolled by centrally induced program- 
ming of summation characteristics, and 
that there could also be the kind of 
“boosting” operation discussed earlier 
wherein a system like the reticular for- 
mation reinforces the edited pattern of 
stimulation that reaches the brain? 

To sum up, then, we have proposed 
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that information loss in perception can 
be viewed as the resultant of successive 
summation at stations along the afferent 
pathways, that this summation is likely 
statistical in its characteristics, that the 
sampling of lower-order units that sum- 
mate to fire higher order units is biased 
by a gating or programming of way sta- 
tions along the pathway controlled by 
more central mechanisms, and that the 
resultant in perception is a biased sum- 
mary of the external stimulating envi- 
ronment. The biasing is reflected in the 
systematic errors of perception and in 
the forms of selectivity that make it pos- 
sible for perception to vary in the face 
of a constant pattern of external stimu- 
lation. 

3. The autogenic properties of repre- 
sentation. If it can be said that the rep- 
resentation of the external stimulus en- 
vironment is categorial and summary in 
nature, we must add to these properties 
that representations, once accomplished, 
appear to generate processes of their 
own. Here we must consider briefly 
some of the properties of the models that 
organisms construct to represent their 
environment and its objects. It was 
suggested some years ago by Craik (8) 
that neural models, once established— 
whether in the form of traces, schemata, 
cell assemblies, or whatever short-hand 
terms one uses—have the property of 
making imagery possible in the absence 
of stimulation. A recent work by Mandler 
(35) on the “learning of imagery” sug- 
gests that some such function is served 
by learned structures. His experimental 
procedure is very simple. The subject 
has the task of learning the correct pat- 
tern amongst a set of spatially arrayed 
levers on a board. The order of correct 
levers is determined at random. In a 
given number of trials, the subject mas- 
ters the correct order in which switches 
are to be thrown; he is able to perform 
at a criterion of 100% correct respond- 
ing. The trials are now continued and 
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overlearning carried many trials be- 
yond the number needed for mastery of 
the task. After a certain amount of 
overlearning, subjects begin to report not 
only that they can choose the right path 
but that they have a spatial image of 
the order, a spatial image that they can 
keep in mind even when the lever board 
is not before them. It is tempting to 
speculate what this means. When neural 
integration has progressed to a certain 
level, the organization achieved appears 
to be able to generate mental content of 
its own. I do not pretend to understand 
what kinds of neural mechanisms are at 
work here, but I commend the problem 
to you as perhaps worth pursuit by the 
use of electroencephalographic methods. 
When learning has progressed to the 
stage of overlearning and imagery pro- 
duction, are there detectable changes in 
the pattern of EEG to be recorded? 
Methods for integrating and analyzing 
complex wave forms now widely in use 
in work on EEG might cast some first 
light on this problem that would permit 
more enlightened next steps. 

There are other autogenic properties 
of what I prefer to call operative cogni- 
tive structures that are worth a few 
words of description on the chance that 
they might make contact with work now 
going on in neurophysiology. The first 
of these is a normalizing tendency ex- 
erted by cognitive models on the per- 
cepts they generate when stimulus input 
occurs. Let me first give an example 
and then explain what I mean by this 
process, usually called assimilation. For 
each category or model constructed to 
represent objects or events in the envi- 
ronment, there appears to be a set of 
average property values characterizing 
the typical instance of the class. It 
may be likened to the adaptation level 
in psychophysical judgment about which 
Helson (26) and others have been con- 
cerned. It is a reference point in the 
class which, in judgments of brightness 
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or weight, is best estimated by comput- 
ing a weighted geometric mean of in- 
stances previously encountered. Subjec- 
tive magnitudes greater than this mid- 
point are described as “heavy” or 
“bright,” smaller as “light” or “dark.” 
With respect to more complex objects, 
say apples, there are a set of such speci- 
fications of a typical apple—a modal 
color, shape, size, texture, etc. In the 
event of masking noise or of ambiguity 
in the nature of a stimulus input, one 
finds normalization of the percept taking 
place by assimilation of aberrant or am- 
biguous attributes to the modal values 
of the category where the input has been 
coded. Or, in the case of inattention 
to particular attributes, modal values of 
the category will be substituted for what 
has not been noticed. Such normaliza- 
tion or completion is one of the princi- 
pal sources of error in perception— 
error in the sense of failure of precise 
representation. An average is substi- 
tuted for a specific value. The normal- 
izing process continues, moreover, in the 
process of forgetting—forgetting being 
more often describable as regression 
away from specific characteristics of 
stimulus event in the direction of the 
modal characteristics of the category 
into which the stimulus event has been 
placed. 

I readily recognize that neurophysio- 
logical research has not proceeded far 
enough to have many sound conjectures 
about the kinds of structures that can 
produce the types of autogenic activi- 
ties just described. Yet it is well to 
bear such characteristics in mind in the 
process of setting forth hypotheses about 
the structures. Looking at the field from 
the outside, I have the impression that 
the neural mechanisms proposed, even in 
a half-playful spirit, tend to be built for 
the purpose of handling a single psy- 
chological phenomenon. There are too 
many plausible neural models of the one- 
phenomenon type. It is only when one 
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requires of them that they accomplish 
several forms of psychological resultant 
that the range of possibilities narrows 
realistically. 


PERCEPTUAL INVARIANCE AND 
VARIABLE STIMULATION 


Let me begin with Fletcher’s well- 
known study of speech perception (16), 
a striking example of what Lashley has 
for a long time called “the equivalence 
problem.” A sample of speech is pre- 
sented, treated in such a way that all 
frequencies below a certain cutoff are 
filtered out. Now the same speech sam- 
ple is presented again, this time all fre- 
quencies above the cutoff being filtered 
out. In both cases, the speech pattern 
is 100% intelligible to listeners. Fre- 
quency, we then say, is not a criterial 
attribute of speech; one band of fre- 
quencies will do as well as another. 
And so it will go with most forms of 
perceptual identification, given, as we 
have noted, its categorial nature. The 
task in any given study of perceptual 
equivalence is to determine by reduction 
methods what particular stimulus at- 
tributes are criterial for identification of 
an object as belonging to a certain class 
or, more simply, as being a certain 
thing. Formally speaking, the deter- 
mination of the criterial attributes of an 
equivalence class is the same whether 
one is at the perceptual level or at the 
level of providing the defining proper- 
ties of such an abstract concept as force 
or momentum.* My concern here is to 
consider what is involved in the more 
perceptual forms of such activity. 

Virtually every writer who has tried 
his hand at a neural theory of percep- 
tion has been mindful of the problem; 
it is not overlooked. Adrian perhaps 
puts the matter most succinctly: 


3 For the reader interested in the continui- 
ties in all such categorizing I would suggest 
the work of Bruner, Goodnow, and Austin 
on categorizing and thinking (6). 
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We can recognize a tune whether the pitch is 
high or low, and we can recognize a triangle 
or a letter, whatever its size or whatever the 
position of the image on the retina. Now 
this must mean that there is no need for par- 
ticular sensory endings or particular pathways 
to the cortex to be excited; for the recogni- 
tion of the pattern all that seems to matter is 
that the excited regions should have some gen- 
eral relations to one another. There must be 
something corresponding to the three angles of 
the triangle, but there is no need for each of 
them to be represented at a particular point in 
the receiving area of the cortex (1, pp. 81-82). 


There has been much bitter ink spilled 
on the question of equivalence, notably 
amongst psychologists who tend to take 
one of two basic positions. One of them, 
stemming I think from neurological theo- 
ries of a half-century ago, is that equiva- 
lence occurs by the formation of a gen- 
eralization gradient, a kind of irradiation 
from a particular stimulus value. The 
model is familiar from Pavlov’s work on 
generalization, and it is this model that 
has dominated much thinking in Ameri- 
can psychology. The organism learns to 
respond to a given value of a stimulus 
or to a given object plus a range around 
it. Lashley (33) has been particularly 
forthright in attacking this view, noting 
that the model probably holds only for 
instances of pseudogeneralization where 
there is failure to discriminate the origi- 
nal stimulus from one presented later. 
There is much that is logically awkward 
about the simple generalization notion 
that various writers have tried to patch 
up in one way or another—some quite 
plausibly. It does not explain how cer- 
tain properties come to be the defining 
properties of a class and others irrele- 
vant. To handle this, a reinforcement 
theory is invoked, and the defining prop- 
erties are said to be determined by the 
composite attributes that are always 
present when reinforcement occurs, the 
remainder averaging out in strength be- 
cause of their random relation to rein- 
forcement. But, as Woodworth (55) 
has wisely noted, what can we take as 
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reinforcement in perception? In most 
theories it is taken to be something that 
reduces the need of an organism, related 
to attaining a goal. To extend this to 
the question of learning the properties 
of the class “triangle” is somewhat diffi- 
cult. In any case, since the controversy 
does not concern us directly, we can 
leave the matter with the statement that 
the neural model of a class assumed to 
be constructed in this way is a bit like 
a composite photograph in which the 
tried and true elements remain, and the 
others are blurred out. Such a model of 
integration, suitable though it may be 
for describing how it is that the three 
angles emerge as the diacritica of tri- 
angles while size and texture and rela- 
tive length of sides are blurred out, fails 
to deal with the esentially transform- 
able properties of groupings once they 
have been formed; nor does it show how 
it is that in one moment of insight one 
comes to group all plane figures as re- 
solvable into combinations of triangular 
forms and treats all plane figures as 
members of a new class of simple and 
composite triangles. 

It seems to me that the problem of 
equivalence, leaving aside now how the 
primitive equivalence category is formed, 
is essentially the problem of how an or- 
ganism processes a stimulus ensemble, 
what features of input it is respond- 
ing to. It is only with respect to this 
program for processing environmental 
stimulation that it is possible to talk 
about an adequate stimulus or a just 
noticeable difference in stimulation. Al- 
most invariably, as both Adrian (1) and 
Lashley (33) have suggested, stimulus in- 
formation is processed in terms of rela- 
tionships either in a spatial array or in 
a temporal array, and it seems highly 
likely that spatial relations are trans- 
lated into temporal ones in the nervous 
system—given the requirement of time 
for scanning a spatially extended field. 
What this suggests, then, is that the 
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equivalence of stimulus events is a func- 
tion of certain invariances in relation- 
ship in a temporally extended neural 
excitation; certain patterns of change in 
excitation define equivalence. 

There is very suggestive evidence 
concerning the importance of temporal 
change as providing the pattern on 
which equivalence is based. A famous 
passage of Exner’s (12), where he com- 
pares the scanning movements of the 
copepod Copilia with the scanning move- 
ments of the eye, comes to mind, “Wir 
tasten mit unserem Blick des Seefeld ab,” 
and indeed it is this “fingering over” the 
visual field that suggests the importance 
of temporal integration. Thorpe (48), 
in his recent and most excellent book on 
animal behavior, gives various examples 
of the importance of temporally ex- 
tended scanning of a stimulus array in 
animal discrimination. Dethier (10), 
for example, has shown that the cater- 
pillars of Lepidoptera can respond to 
form and form equivalence in spite of 
the optically inadequate stemmata placed 
on either side of the head, optically in- 
sufficient in resolving power for repre- 
sentation of form. Yet form can be 
perceived by these organisms provided it 
is possible for them to move their heads 
around in relation to the object to be 
discriminated, by the familiar waving or 
“inching” movements of the anterior 
part of the body of these caterpillars. 
Some sort of scanning process, extended 
over time, results in a temporal summa- 
tion and/or integration that makes form 
discrimination possible. So, too, in the 
work of Ullyott (52) on klinokinesis 
and klinotaxis in the flatworm Dendro- 
coelum. Again, a primitive optic ap- 
paratus is involved, supported either by 
the animal’s locomoting by a convoluted 
path with a relatively constant rate of 
change in direction (klinokinesis), or by 
proceeding in a relatively straight line 
with rather constant waving of the an- 
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terior section of the body where the 
sense receptor is found (klinotaxis). 

Given the nature of adaptation of 
sense organs, it is not unlikely that 
equivalence coding almost requires the 
use of patterns of change in excitation 
over time. Not only do we have the 
facts of adaptation with respect to in- 
tensity of stimulation in vision, somes- 
thesis, etc., but there is now accumulat- 
ing evidence from the work of Riggs 
(41) and of Ditchburn (11) that if 
change of pattern on a sensory surface 
does not occur at a quite rapid rate, 
perception of form and detail adapts out. 
Ditchburn, using an ingenious mirror at- 
tachment on the cornea, casts a simple 
form image on to it, collects the image, 
and directs the beam back into the eye. 
The arrangement keeps the cast image 
at a constant point on the retina, rest- 
ing on this point in spite of eye tremor. 
Within six seconds, the simple image, 
a fine-lined reticule, disappears. The 
moment one jars the apparatus, even 
slightly, the image changes position 
however slightly on the retina and re- 
appears. These results leave little ques- 
tion that change over time is needed 
even for the maintenance of a simple 
image. 

I should like to suggest that equiva- 
lence of an array of stimuli is essentially 
a centrally determined program concern- 
ing the acceptance limits of temporally 
extended change patterns. Where and 
how these patterns are acted upon and 
coded for equivalence, I have no clue. 
Adrian and Moruzzi (3) show sugges- 
tive evidence that the electrical pattern 
in the somatic cortex is much alike when 
the same place on the foot is touched, 
so that it is possible that the cortex has 
enough information to do all the job of 
coding for equivalence in terms of some 
program of temporal integration. 

Let me say, finally, in support of this 
general view, that most of the findings 
in the constancies seem to support the 





NEURAL MECHANISMS IN PERCEPTION 


view that apparent brightness, color, 
speed, and form—all of them exhibiting 
notable tendencies toward high percep- 
tual invariance in the presence of marked 
change in the physical stimulus—turn 
out to be explicable in terms of constant 
relationships existing in the stimulus en- 
semble. Wallach (53) has shown that, 
within wide limits, apparent brightness 
is a function of ratios of stimulation in 
the visual field. A central field sur- 
rounded by an annulus with a ratio of 
1:10 in luminous flux appears to be the 
same brightness as a central field that 
bears a relation of 10:100 to its annulus. 
Two objects are seen as traveling at the 
same speed if their angular displacement 
bears a similar relationship to their ap- 
parent distance from the eye—a more 
complicated form of ratio. And as Gib- 
son (21) has shown, apparent distance 
is a function of the change in texture of 
the field intervening between the object 
and the eye. He distinguishes four 
temporal or spatial orders: Let / and d 
indicate light and dark. Then the or- 
der /ilil or dddd will be seen as a real or 
film color; Ulddd or dddiil as a line or 
the edge of a figure; Jdldidid as a sur- 
face; and Jllllddddlilidddllddid as a gradi- 
ent of texture indicating distance, equal 
distances presumably being based on like 
gradients of texture, all other things be- 
ing equal. 

Undoubtedly, some of the equivalence 
coding in the perceptual constancies is 
innate, some learned. When we come to 
identity constancies, treating as equiva- 
lent objects that have been altered dras- 
tically in all respects save their defining 
attributes, we are very likely dealing 
with learned behavior exclusively. And 
here the “rules of equivalence” that are 
learned doubtless reflect the adjustmen- 
tal requirements of the organisms. We 
know from the work of Thouless (49), 
for example, that mechanics must and 
do learn to depend on size-constancy 
effects in judging the sizes of nuts and 
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bolts and the like, whether the objects 
are held in hand or are seen on the 
bench at some remove; and that painters 
learn to overcome brightness and color 
constancy effects to get on with their 
jobs. Kliiver’s brilliant monograph on 
equivalence of stimuli (30) indicates the 
degree to which equivalence grouping is 
generally subject to learning. But per- 
haps the matter will be better elucidated 
if we turn now to the problem of per- 
ceptual variation in the face of constant 
stimulation. 


PERCEPTUAL VARIABILITY AND 
StrmuLus CoNSTANCY 


Let me begin by telling you of a game 
my colleague George Miller and I played 
at lunch one day. The question was 
whether one could construct a sentence 
pun rather than a word pun. Our two 
successes serve to underline the nature 
of selective organization of a flow of in- 
formation. The two sentence puns are, 
first, 


The good candy came any way. 
The good can decay many ways. 


and 


One’s own leeway is to earn ever. 
One’s only way is to err never. 


Spoken rapidly, each speech flow in a 
pair is virtually identical from a pho- 
nemic point of view. In the first pair, 
a final s provides the cue for retroactive 
segmentation of the flow into lexemes or 
words. In the second pair, there is no 
such cue provided. The perception of 
speech is full of such examples of dif- 
ferential ways of organizing a temporal 
flow of stimulation. Since the pioneer- 
ing work of de Saussure (43) on the 
isolation of the phenome, and with the 
development of Jakobson and Halle’s 
method (29) of decomposing the pho- 
neme into a set of distinctive features, 
we know that the process of understand- 
ing speech involves a highly selective 
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method of isolating certain ranges of 
speech sounds, treating these quite arbi- 
trarily as equivalent, and then using 
these as the diacritica by which words 
may be distinguished. There is often 
ambiguity in the process of segmenta- 
tion, but this is rarely serious, for con- 
text almost always settles the issue—al- 
though the low-comedy deaf clown of 
classic vaudeville testifies to how close a 
thing such settlement can be. 

It is a commonplace of psychological 
research that the organization of a com- 
plex perception can be varied by vary- 
ing the set of the person—by varying 
the thing for which he is looking. Or, 
to use another common form of dis- 
course, what we take in depends upon 
how our attention is directed. 


What are the mechanisms that determine 
whether or not a given stimulus is perceived? 
What determines its dominance over other 
stimuli? Very intense stimuli generally domi- 
nate, and certain sensory modalities seem gen- 
erally to be prepotent. This is particularly 
true of pain, perhaps of movement in the pe- 
ripheral retina, of high pitched sounds, of 
some odors. In birds and higher primates 
vision is: prepotent but probably not in other 
mammalian orders, though the evidence is un- 
certain. However, for man, and probably for 
most animals, the characteristics of the stimu- 
lus are generally of secondary importance in 
determining what is perceived. Internal fac- 
tors, characterized as voluntary attention, play 
the major role in selecting stimuli for per- 
ception. Sometimes such attention involves 
chiefly giving prepotence to a sensory modal- 
ity, as when one looks at a picture or listens 
to music. Even in such cases, however, there 
is a further selection of the items perceived, in 
terms of organization that is somehow inherent 
in the neural processes (33, pp. 426-427). 


I think Lashley’s summary of the matter 
admirable. What manner of neural proc- 
esses seem to be involved? 

Adrian proposes a first step toward an 
answer. 


The operations of the brain seem to be related 
to particular fields of sensory information 
which vary from moment to moment with 
the shifts of our attention. The signals from 
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the sense organs must be treated differently 
when we attend to them and when we do not, 
and if we could decide how and where the 
divergence arises, we should be nearer to un- 
derstanding how the level of consciousness is 
reached. The question [is] whether the affer- 
ent messages that evoke sensations are allowed 
at all times to reach the cerebral cortex or are 
sometimes blocked at a lower level. Clearly 
we can reduce the inflow from the sense or- 
gans as we do by closing the eyes and relaxing 
the muscles when we wish to sleep and it is 
quite probable that the sensitivity of some of 
the sense organs can be directly influenced by 
the central nervous system. But even in deep 
sleep or coma there is no: reason to believe 
that sensory messages no longer reach the cen- 
tral nervous system. At some stage therefore 
on their passage to consciousness the messages 
meet with barriers that are sometimes open 
and sometimes closed. Where are these bar- 
riers, in the cortex, the brainstem, or else- 
where? (2, pp. 238-239). 


I would like to suggest as a first hy- 
pothesis that the barriers are every- 
where. The recent experiments of Ga- 
lambos et al. (20) and Hernandez-Péon 
et al. (28) suggest that in the auditory 
system the barriers may exist as far pe- 
ripherally as the second synapse at the 
cochlear nucleus. In the first of these 
studies it was shown that evoked poten- 
tials in the cochlear nucleus produced by 
click stimulation adapted out with repe- 
tition. The click was then paired with 
an electric shock delivered across the 
chests of the experimental cats, and con- 
ditioning established; following this, the 
conditioned reaction was extinguished 
and then re-established, etc. “While the 
click was a signal for shock, there was 
greater electrical discharge from the 
cochlear nucleus as well as from higher 
centers—the caudate nucleus and the 
auditory cortex. When extinction oc- 
curred, when the animals did not show 
the crouching-snarling response to the 
click, there was marked reduction of ac- 
tivity in all three loci. To check whether 
the motor activity associated with the 
conditioned response was responsible for 
these changes in evoked potentials, Ga- 
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lambos and his colleagues checked their 
findings on cats in whom a complete 
muscular paralysis had been induced. 
No difference in the general findings was 
produced by this precautionary control. 

The experiments of Hernandez-Péon 
et al. were of the same order, save that 
the attentional factor was varied in a 
somewhat different way. Again, activity 
was recorded at the cochlear nucleus, 
involving either second- or third-order 
neurones, and cats were exposed to pure 
tones at intensities comfortable to the 
human ear. Electrical activity was 
studied with three forms of distraction 
outside the auditory sphere: while ex- 
posed to the tone, cats were shown two 
mice in a bell jar, were given fish odors 
to smell, or were shocked on the fore- 
paw; i.e., visual, auditory, and somatic 
distractors were employed. Electrical 
activity at the cochlear nucleus was 
markedly reduced under all three con- 
ditions in comparison with control re- 
sponses. The authors propose that the 
suppression of the response in the coch- 
lear nucleus is probably effected by in- 
hibitory impulses from the midbrain 
reticular system. 

The question arises whether the inhi- 
bition and facilitation effects found in 
these two studies are selective within a 
modality, whether there is selectivity for 
particular tones or other stimuli. The 
evidence here is still sketchy. Her- 
nandez-Péon and Scherrer (27) have re- 
ported, however, that selective adapta- 
tion or habituation effects, known to oc- 
cur in the midbrain reticular formation, 
can also be shown to operate at the 
cochlear nucleus. Prolonged repetition 
of a tone of a given frequency produces 
habituation in this nucleus, but if the 
frequency of the stimulating tone is 
changed, the electrical activity in the 
nucleus increases to normal levels. What 
remains to be done is to repeat the Ga- 
lambos experiments with changes in the 
characteristic of the stimulating tone. 
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If the conditioned stimulus is a tone of 
3000 c.p.s., will a tone of 5000 c.p.s. 
produce less electrical discharge in the 
cochlear nucleus, the caudate, and the 
auditory cortex? 

Space does not permit a proper ap- 
praisal of the evidence for the assertion 
that selective barriers may operate in 
altering perception at virtually any level 
of the nervous system. Granit (22) 
presents evidence that suggests such a 
widespread locus of gating, inhibition, 
and facilitation. The work of Leksell 
(34) and of Kuffler and Hunt (31) on 
the control of afferent impulses from 
muscle spindles by the small diameter 
fibers of the ventral root of the spinal 
cord suggests that gating and control of 
impulses can occur right at the sense 
receptor. I do not know whether those 
of you who are expert in such matters 
would urge that, if there is such wide- 
spread monitoring of incoming impulses, 
it can all be traced back to the action of 
structures in what Penfield (38) calls 
the “centrencephalic system.” I know 
that Professor Lashley’s is a dissenting 
voice (33) to what appears to be a 
growing chorus of assent. Pribram * is 
also among those who would look for a 
broader locus, including a considerable 
role for what he speaks of as the pos- 
terior instrinsic sector of the dorsolatero- 
parietal convexity of the cortex. He 
distinguishes in perception between “de- 
tection” and “identification,” the former 
being a judgment of presence-absence of 
a stimulus and the latter being its place- 
ment or recognition. Destruction of the 
posterior intrinsic sector in monkeys ap- 
pears to destroy their capacity for choice 
discrimination problems while leaving 
seemingly intact their capacity to re- 
spond to presence and absence of a 
stimulus. But it is interesting to note 
that Pribram describes the posterior in- 
trinsic sector as receiving its extratel- 


4Pribram K. The neurology of thinking. 
(In preparation.) 
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encephalic input exclusively from the 
thalamus, and it may well be that here 
again we are dealing with a central alert- 
ing or reinforcing station in the manner 
of Penfield’s “centrencephalic system.” ° 

But these are surely not questions of 
detail to be settled by a psychologist not 
properly cognizant of the anatomical and 
electrophysiological subtleties involved 
in locating where gating mechanisms are 
operative. My only reaction is that 
what is psychologically characteristic of 
selectivity on the afferent side is that 
one finds it at all levels of functioning— 
in the reception of information, in the 
selective losses of memory, and in the 
transformations of information involved 
in the thought processes. It seems highly 
unlikely, given this widespread range of 
selective loss and transformation, that 
there is one “seat” of this function in 
the nervous system, although it does not 
rule out the possibility of a centralized 
coordinating sector. Indeed, Galambos 
(17) has found not only that gating ex- 
tends down to the first neuron of the 
auditory nerve, but that one can create 
gating at this level by artificial stimula- 
tion of the olivo-cochlear bundle, and he 
also shows that section of this bundle 
prevents such centrifugal gating. Since 
this has been demonstrated, one wonders 


5 Since the above discussion was written, the 
writer has been informed by F. Bremer of 
Brussels of an experiment carried out in his 
laboratory by M. Jouvet and J. E. Desmedt 
in which the electrical activity of the cochlear 
nucleus in response to a click is inhibited by 
concurrent electrical stimulation of the lateral 
part of the anterior mesencephalic tegmentum. 
The inhibitory control exercised by this mes- 
encephalic locus does not appear to be medi- 
ated by the tract joining the superior olive 
and the cochlear nucleus. In any case it is 
becoming increasingly apparent that there are 
likely to be many centrifugal routes for the 
control, monitoring, and regulation of afferent 
input. A brief report of the work of Jouvet 
and Desmedt is to be found in Comptes rendus 
des seances de lV Academie des Sciénces (Bel- 
gian), 243, 1916-1917, seance de 5 decembre 
1956. 
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whether we are not on the verge of a 
new era in neurophysiological research 
where the old model of the reflex arc is 
once and for all going to be dethroned. 
The model that is emerging is certainly 
one that accords more with the known 
variability of perception under conditions 
of constant stimulation. 

Finally, let me say a few words about 
the nature of variations in perceptual or- 
ganization as these occur in the presence 
of a constant or steady stimulus. In 
the preceding section, mention was made 
of a set of rules governing the manner 
in which the relations within a stimulus 
ensemble might be used for coding the 
input, and that so long as inputs showed 
the prescribed relationships in the pat- 
terns of excitation they elicited, they 
would be coded equivalently. The com- 
plementary point can be made about 
variability in perception with constant 
input. Given a change in the rules for 
the utilization of stimulus relationships, 
the resulting percept can change even 
though the stimulus remains the same. 
Pribram,° in writing on the neurology of 
thinking, remarks that the transforms 
that govern the utilization of features 
of an excitation—what we speak of as 
“rules”—are determined by factors other 
than the nature of the immediately op- 
erative stimulus input. The question of 
what kinds of events bring about such 
alterations in rules for gating afferent 
stimulation is still an open one, and it is 
still a matter of debate whether there is 
some central activating system that is al- 
ways and necessarily involved in such 
alterations. 


A Brier CONCLUSION 


The model of perception we have ex- 
plored in these pages is one that is a 
drastic departure from the conver‘ ‘ynal 
stimulus-response, associational, or re- 
flex-arc model that is a legacy to psy- 


® See footnote 4. 
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chology from the neurophysiology of a 
past generation. It is a model in which, 
to use the language of Fessard (15), 
there is a de-emphasis on transmission 
of impulses across synaptic segments 
and a shift in emphasis to integration 
and autogenic activity—a model includ- 
ing complex networks with the capacity 
to hold up and to alter the character- 
istics of impulses transmitted to them, 
and with the capacity to initiate activity 
that is transmitted elsewhere to affect 
control of afferent impulses traveling to 
the cortex and efferent impulses traveling 
away from it. It is a system that, to put 
it figuratively, can determine within con- 
siderable limits the nature of the effec- 
tive excitation which results when a 
change in physical energy impinges upon 
a sense receptor. The tracing and ma- 
nipulation of efferent fibers carrying im- 
pulses to synapses along receptor path- 
ways and to sensory receptors themselves 
indicate that the neural model we shall 


be using is one in which centrally in- 
duced control of sense data will play an 


increasing role. If the neurophysiology 
of a generation ago forced psychology 
into a peripheralist mold, certainly the 
model emerging today corrects this bias 
and places a new emphasis on the role 
of central factors in perception. Most 
important of all, I have the impression 
that the neurological model of percep- 
tion that is now emerging begins for the 
first time to conform to our knowledge 
of more complex ’forms of perception, 
both in humans and at the infrahuman 
level. 
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There are two problems of behavior 
which any theory of motivation must 
come to grips with. They may finally 
reduce to one; but it will simplify the 
exposition which follows to maintain the 
distinction in this paper. The first 
problem is to account for an individual’s 
selection of one path of action among 
a set of possible alternatives. The sec- 
ond problem is to account for the ampli- 
tude or vigor of the action tendency 
once it is initiated, and for its tendency 
to persist for a time in a given direction. 
This paper will deal with these ques- 
tions in a conceptual framework sug- 
gested by research which has used the- 
matic apperception to assess individual 
differences in strength of achievement 
motivation (1, 14, 15). 

The problem of selection arises in ex- 
periments which allow the individual to 
choose a task among alternatives that 
differ in difficulty (level of aspiration). 
The problem of accounting for the vigor 
of response arises in studies which 
seek to relate individual differences in 
strength of motivation to ‘le level of 
performance when response output at a 
particular task is the dependent vari- 
able. In treating these two problems, 
the discussion will be constantly focused 
on the relationship of achievement mo- 
tivation to risk-taking behavior, an im- 
portant association uncovered by Mc- 
Clelland (14) in the investigation of the 
role of achievement motivation in entre- 


1]I wish to acknowledge the stimulation and 
criticism of colleagues at the Center for Ad- 
vanced Study in the Behavioral Sciences 
(1955-56), and also the current support for 
this research by a grant from the Ford Foun- 
dation. 


preneurship and economic development.? 

Earlier studies have searched for a 
theoretical principle which would ex- 
plain the relationship of strength of 
motive, as inferred from thematic ap- 
perception, to overt goal-directed per- 
formance. The effect of situation cues 
(e.g., of particular instructions) on this 
relationship was detected quite early 
(1), and subsequent experiments have 
suggested a theoretical formulation simi- 
lar to that presented by Tolman (21) 
and Rotter (20). It has been proposed 
that m Achievement scores obtained 
from thematic apperception are indices 
of individual differences in the strength 
of achievement motive, conceived as a 
relatively stable disposition to strive for 
achievement or success. This motive- 
disposition is presumed to be latent 
until aroused by situation cues which in- 
dicate that some performance will be in- 
strumental to achievement. The strength 
of aroused motivation to achieve as 
manifested in performance has been 
viewed as a function of both the 
strength of motive and the expectancy 
of goal-attainment aroused by situation 
cues. This conception has provided a 
fairly adequate explanation of experi- 
mental results to date, and several of 
its implications have been tested (1, 2). 

The similarity of this conception to 
the expectancy principle of performance 
developed by Tolman, which also takes 
account of the effects of a third variable, 
incentive, suggested the need for experi- 
ments to isolate the effects on motiva- 


2 McClelland, D. C. Interest in risky occu- 
pations among subjects with high achieve- 
ment motivation. Unpublished paper, Har- 
vard University, June, 1956. 
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tion of variations in strength of expect- 
ancy of success and variations in the 
incentive value of particular accomplish- 
ments. The discussion which follows 
was prompted by the results of several 
exploratory experiments. It represents 
an attempt to state explicitly how indi- 
vidual differences in the strength of 
achievement-related motives influence 
behavior in competitive achievement 
situations. A theoretical model will 
be presented first, then a brief sum- 
mary of some as yet unpublished experi- 
mental evidence will be introduced in 
order to call the reader’s attention to 
the kinds of research problems it raises 
and the scope of its implications. 
Three variables require definition and, 
ultimately, independent measurement. 
The three variables are motive, expect- 
ancy, and incentive. Two of these— 
expectancy and incentive—are similar 
to variables presented by Tolman (21) 
and Rotter (20). An expectancy is a 
cognitive anticipation, usually aroused 


by cues in a situation, that performance 
of some act will be fol. »wed by a par- 


ticular consequence. The strength of 
an expectancy can be represented as 
the subjective probability of the conse- 
quence, given the act. 

The incentive variable has been rela- 
tively ignored, or at best crudely de- 
fined, in most research. It represents 
the relative attractiveness of a specific 
goal that is offered in a situation, or 
the relative unattractiveness of an event 
that might occur as a consequence of 
some act. Incentives may be manipu- 
lated experimentally as, for example, 
when amount of food (reward) or 
amount of shock (punishment) is varied 
in research with animals. 

The third variable in this triumvirate 
—motive—is here conceived differently 
than, for example, in the common con- 
ception of motivation as nondirective 
but energizing drive (3). A motive is 
conceived as a disposition to strive for 
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a certain kind of satisfaction, as a ca- 
pacity for satisfaction in the attainment 
of a certain class of incentives. The 
names given motives—such as achieve- 
ment, affiliation, power—are really 
names of classes of incentives which 
produce essentially the same kind of 
experience of satisfaction: pride in ac- 
complishment, or the sense of belonging 
and being warmly received by others, or 
the feeling of being in control and in- 
fluential. McClelland (13, pp. 341- 
352 and 441-458; 15) has presented 
arguments to support the conception of 
motives as relatively general and stable 
characteristics of the personality which 
have their origins in early childhood 
experience. The idea that a motive may 
be considered a capacity for satisfaction 
is suggested by Winterbottom’s (15, 22) 
finding that children who are strong in 
achievement motive are rated by teach- 
ers as deriving more pleasure from suc- 
cess than children who are weak in 
achievement motive. 

The general aim of one class of mo- 
tives, usually referred to as appetites 
or approach tendencies, is to maximize 
satisfaction of some kind. The achieve- 
ment motive is considered a disposition 
to approach success. 

The aim of another class of motives 
is to minimize pain. These have been 
called aversions, or avoidant tendencies. 
An avoidance motive represents the in- 
dividual’s capacity to experience pain 
in connection with certain kinds of nega- 
tive consequences of acts. The motive 
to avoid failure is considered a disposi- 
tion to avoid failure and/or a capacity 
for experiencing shame and humiliation 
as a consequence of failure. 

The principle of motivation. The 
strength of motivation to perform some 
act is assumed to be a multiplicative 
function of the strength of the motive, 
the expectancy (subjective probability) 
that the act will have as a consequnece 
the attainment of an incentive, and the 
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value of the incentive: Motivation = f 
(Motive x Expectancy x Incentive). 
This formulation corresponds to Tol- 
man’s (21) analysis of performance ex- 
cept, perhaps, in the conception of a 
motive as a relatively stable disposi- 
tion. When both motivation to ap- 
proach and motivation to avoid are 
simultaneously aroused, the resultant 
motivation is the algebraic summation 
of approach and avoidance. The act 
which is performed among a set of al- 
ternatives is the act for which the re- 
sultant motivation is most positive. 
The magnitude of response and the per- 
sistence of behavior are functions of the 
strength of motivation to perform the 
act relative to the strength of motiva- 
tion to perform competing acts. 

Recent experiments (2) have helped 
to clarify one problem concerning the 
relationship between measures of the 
strength of a particular motive (n 
Achievement) and performance. Per- 
formance is positively related to the 
strength of a particular motive only 
when an expectancy of satisfying that 
motive through performance has been 
aroused, and when expectancies of satis- 
fying other motives through the same 
action have not been sufficiently aroused 
to confound the simple relationship. 
This is to say no more than that, when 
expectancies of attaining several differ- 
ent kinds of incentives are equally 
salient in a situation, the determination 
of motivation to perform an act is very 
complex. Performance is then overde- 
termined in the sense that its strength 
is now a function of the several different 
kinds of motivation which have been 
aroused. The ideal situation for show- 
ing the relationship between the strength 
of a particular motive and behavior is 
one in which the only reason for acting 
is to satisfy that motive. 

The theoretical formulation which fol- 
lows pertains to such an ideal achieve- 
ment-related situation, which is at best 
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only approximated in actual experi- 
mentation or in the normal course of 
everyday life. The discussion will deal 
only with the effects of the two motives, 
to achieve and to avoid failure, normally 
aroused whenever performance is likely 
to be evaluated against some standard 
of excellence. 

Behavior directed toward achievement 
and away from failure. The problem of 
selection is confronted in the level-of- 
aspiration situation where the individual 
must choose among tasks which differ 
in degree of difficulty. The problem of 
accounting for the vigor of performance 
arises in the situation which will be re- 
ferred to as constrained performance. 
Here there is no opportunity for the in- 
dividual to choose his own task. He is 
simply given a task to perform. He 
must, of course, decide to perform the 
task rather than to leave the situation. 
There is a problem of selection. In re- 
ferring to this situation as constrained 
performance, it is the writer’s intention 
to deal only with those instances of be- 
havior in which motivation for the al- 
ternative of leaving the situation is less 
positive or more negative than for per- 
formance of the task that is presented. 
Hence, the individual does perform the 
task that is given. The level of per- 
formance is the question of interest. 

Elaboration of the implications of the 
multiplicative combination of motive, 
expectancy, and incentive, as proposed 
to account for strength of motivation, 
will be instructive if we can find some 
reasonable basis for assigning numbers 
to the different variables. The strength 
of expectancy can be represented as a 
subjective probability ranging from 0 to 
1.00. But the problem of defining the 
positive incentive value of a particular 
accomplishment and the negative incen- 
tive value of a particular failure is a 
real stickler. 

In past discussions of level of aspira- 
tion, Escalona and Festinger (see 12) 
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have assumed that, within limits, the at- 
tractiveness of success is a positive func- 
tion of the difficulty of the task, and 
that the unattractiveness of failure is a 
negative function of difficulty, when the 
type of activity is held constant. The 
author will go a few steps farther with 
these ideas, and assume that degree of 
difficulty can be inferred from the sub- 
jective probability of success (P,). The 
task an individual finds difficult is one 
for which his subjective probability of 
success (P,) is very low. The task an 
individual finds easy is one for which 
his subjective probability of success 
(P,) is very high. Now we are in a 
position to make simple assumptions 
about the incentive values of success or 
failure at a particular task. Let us as- 
sume that the incentive value of suc- 
cess (/,) is a positive linear function of 
difficulty. If so, the value 1 — P, can 
represent J,, the incentive value of suc- 
cess. When P, is high (e.g., .90), an 
easy task, 7, is low (e.g., .10). When 


P, is low (e.g., .10), a difficult task, J, 
is high (e.g., .90). The negative incen- 
tive value of failure (J,;) can be taken 
as —P,. When P, is high (e.g., .90), 
as in confronting a very easy task, the 
sense of humiliation accompanying fail- 
ure is also very great (e.g., — .90). 
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However, when P, is low (e.g., .10), as 
in confronting a very difficult task, there 
is little embarrassment in failing (e.g., 
—.10). We assume, in other words, 
that the (negative) incentive value of 
failure (J;) is a negative linear function 
of difficulty. It is of some importance 
to recognize the dependence of incen- 
tive values intrinsic to achievement and 
failure upon the subjective probability 
of success. One cannot anticipate the 
thrill of a great accomplishment if, as a 
matter of fact, one faces what seems a 
very easy task. Nor does an individual 
experience only a minor sense of pride 
after some extraordinary feat against 
what seemed to him overwhelming odds. 
The implications of the scheme which 
follows rest heavily upon the assump- 
tion of such a dependence. 

In Table 1, values of 1 have been 
arbitrarily assigned to the achievement 
motive (M,) and the motive to avoid 
failure (M;). Table 1 contains the 
strength of motivation to approach suc- 
cess (M, X P, X J,) and motivation to 
avoid failure (M, x P; X J;) through 
performance of nine different tasks la- 
beled A through I. The tasks differ in 
degree of difficulty as inferred from the 
subjective probability of success (P,). 
The incentive values of success and fail- 
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ure at each of the tasks have been calcu- 
lated directly from the assumptions that 
incentive value of success equals 1 — P, 
and that incentive value of failure equals 
— P,; and P, and P; are assumed to 
add to 1.00. 

Table 1 may be considered an exten- 
sion of ideas presented in the resultant 
valence theory of level of aspiration by 
Escalona and Festinger (12). The pres- 
ent formulation goes beyond their ear- 
lier proposals (a) in making specific as- 
sumptions regarding the incentive values 
of success and failure, and (0) in stat- 
ing explicitly how individual differences 
in strength of achievement motive and 
motive to avoid failure influence mo- 
tivation.® 

When the achievement motive is 
stronger (M,>M,). The right-hand 
column of Table 1 shows the resultant 
motivation for each of the tasks in this 
special case where achievement motive 
and motive to avoid failure are equal in 
strength. In every case there is an ap- 
proach-avoidance conflict with resultant 
motivation equal to 0. This means that 
if the achievement motive were stronger 
than the motive to avoid failure—for 
example, if we assigned M, a value of 
2—the resultant motivation would be- 
come positive for each of the tasks and 
its magnitude would be the same as in 
the column labeled Approach. Let us 
therefore consider only the strength of 


3In the resultant valence theory of level of 
aspiration, the resultant force (f*) for a par- 
ticular level of difficulty equals probability of 
success (P,) times valence of success (Va,) 
‘minus probability of failure (P;) times va- 
lence of failure (Va;). It is assumed that 
the valence of a goal [Va(G)] depends partly 
on the properties of the activity and specific 
goal (G) and partly on the state of need 
{t(G)] of the person, [Va(G) = F(G,t(G)] 
(11, p. 273). In the present conception, the 
relative rewarding or punishing properties of 
specific goals (i.e., incentives) and the more 
general disposition of the person toward a 
class of incentives (i.c., his motive) are given 
independent status. 
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approach motivation for each of the 
tasks, to see the implications of the 
model for the person in whom the need 
for achievement is stronger than his 
disposition to avoid failure. 

One thing is immediately apparent. 
Motivation to achieve is strongest when 
uncertainty regarding the outcome is 
greatest, i.e., when P, equals .50. If the 
individual were confronted with all of 
these tasks and were free to set his own 
goal, he should choose Task E where P, 
is .50, for this is the point of maximum 
approach motivation. The strength of 
motivation to approach decreases as P, 
increases from .50 to near certainty of 
success (P, = .90), and it also decreases 
as P, decreases from .50 to near cer- 
tainty of failure (P, = .10). 

If this person were to be confronted 
with a single task in what is here called 
the constrained performance situation, 
we should expect him to manifest strong- 
est motivation in the performance of 
a task of intermediate difficulty where 
P, equals .50. If presented either 
more difficult tasks or easier tasks, the 
strength of motivation manifested in 
performance should be lower. The rela- 
tionship between strength of motivation 
as expressed in performance level and 
expectancy of success at the task, in 
other words, should be described by a 
bell-shaped curve. 

When the motive to avoid failure is 
stronger (M;>M,). Let us now ig- 
nore the strength of approach motiva- 
tion and tentatively assign it a value of 
0, in order to examine the implications 
of the model for any case in which the 
motive to avoid failure is the stronger 
motive. The resultant motivation for 
each task would then correspond to the 
values listed in the column labeled 
Avoidance. 

What should we expect of the person 
in whom the disposition to avoid fail- 
ure is stronger than the motive to 
achieve? It is apparent at once that 
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the resultant motivation for every task 
would be negative for him. This per- 
son should want to avoid all of the 
tasks. Competitive achievement situa- 
tions are unattractive to him. If, how- 
ever, he is constrained (e.g., by social 
pressures) and asked to set his level of 
aspiration, he should avoid tasks of in- 
termediate difficulty (P, = .50) where 
the arousal of anxiety about failure is 
greatest. He should choose either the 
easiest (P, = .90) or the most difficult 
task (P,=.10). The strength of avoid- 
ant motivation is weakest at these two 
points. 

In summary, the person in whom the 
achievement motive is stronger should 
set his level of aspiration in the inter- 
mediate zone where there is moderate 
risk. To the extent that he has any 
motive to avoid failure, this means that 
he will voluntarily choose activities that 
maximize his own anxiety about failure! 
On the other hand, the person in whom 
the motive to avoid failure is stronger 
should select either the easiest of the al- 
ternatives or should be extremely specu- 
lative and set his goal where there is 
virtually no chance for success. These 
are activities which minimize his anx- 
iety about failure. 

How does the more fearful person be- 
have when offered only a specific task 
to perform? He can either perform the 
task or leave the field. If he chooses 
to leave the field, there is no problem. 
But if he is constrained, as he must be 
to remain in any competitive achieve- 
ment situation, he will stay at the task 
and presumably work at it. But how 
hard will he work at it? He is moti- 
vated to avoid failure, and when con- 
strained, there is only one path open to 
him to avoid failure—success at the task 
he is presented. So we expect him to 
manifest the strength of his motivation 
to avoid failure in performance of the 
task. He, too, in other words, should 
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try hardest * when P, is .50 and less 
hard when the chance of winning is 
either greater or less. The 50-50 al- 
ternative is the last he would choose if 
allowed to set his own goal, but once 
constrained he must try hard to avoid 
the failure which threatens him. Not 
working at all will guarantee failure of 
the task. Hence, the thought of not 
working at all should produce even 
stronger avoidant motivation than that 
aroused by the task itself. 

In other words, irrespective of whether 
the stronger motive is to achieve or to 
avoid failure, the strength of motivation 
to perform a task when no alternatives 
are offered and when the individual is 
constrained should be greatest when P, 
is .50. This is the condition of greatest 
uncertainty regarding the outcome. But 
when there are alternatives which differ 
in difficulty, the choice of level of as- 
piration by persons more disposed to 
avoid failure is diametrically opposite 
to that of persons more disposed to 
seek success. The person more moti- 
vated to achieve should prefer a mod- 
erate risk. His level of aspiration will 
fall at the point where his positive m+- 
tivation is strongest, at the point where 
the odds seem to be 50-50. The fear- 
ful person, on the other hand, must 
select a task even though all the al- 
ternatives are threatening to him. He 
prefers the least threatening of the avail- 
able alternatives: either the task which 
is so easy he cannot fail, or the task 
which is so difficult that failure would 
be no cause for self-blame and embar- 
rassment. 

The tendency for anxious persons to 
set either extremely high or very low 
aspirations has been noted over and over 


#I do not mean to exclude the possibility 
that the very anxious person may suffer a 
performance decrement due to the arousal of 
some “task-irrelevant” avoidant responses, as 
proposed in the interpretation of research 
which has employed the Mandler-Sarason 
Measure of Test Anxiety (16). 
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Probability of Success 


Fic. 1. Strength of motivation to achieve 
or to avoid failure as a function of the sub- 
jective probability of success, ie., the difficulty 
of the task. 


again in the literature on level of as- 
piration (12). Typically, groups of per- 


sons for whom the inference of greater 
anxiety about failure seems justified on 
the basis of some personality assess- 
ment show a much greater variance in 
level of aspiration than persons whose 


motivation is inferred to be more nor- 
mal or less anxious. When the details 
of behavior are examined, it turns out 
that they are setting their aspiration 
level either defensively high or defen- 
sively low. 

Without further assumptions, the the- 
ory of motivation which has been pre- 
sented when applied to competitive- 
achievement activity implies that the 
relationship of constrained performance 
to expectancy of goal-attainment should 
take the bell-shaped form shown in 
Fig. 1, whether the predominant motive 
is to achieve or to avoid failure. Fur- 
ther, the theory leads to the prediction 
of exactly opposite patterns for setting 
the level of aspiration when the pre- 
dominant motivation is approach and 
when it is avoidant, as shown in Fig. 2. 

Both of these hypotheses have been 
supported in recent experiments. The 
writer ° offered female college students 


5 Atkinson, J. W. Towards experimental 
analysis of human motivation in terms of 
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a modest monetary prize for good per- 
formance at two 20-minute tasks. The 
probability of success was varied by in- 
structions which informed the subject of 
the number of persons with whom she 
was in competition and the number of 
monetary prizes to be given. The 
stated probabilities were %o, 14, Ye, 
and 34. The level of performance was 
higher at the intermediate probabilities 
than at the extremes for subjects having 
high thematic apperceptive m Achieve- 
ment scores, and also for subjects who 
had low m Achievement scores, presum- 
ably a more fearful group. 

McClelland * has shown the diametri- 
cally opposite tendencies in choice of 
level of aspiration in studies of children 
in kindergarten and in the third grade. 
One of the original level-of-aspiration ex- 
periments, the ring-toss experiment, was 
repeated with five-year-olds, and a non- 
verbal index of the strength of achieve- 


Motive to Achieve 


Motive to 
Avoid Patlure 








Relative Attractiveness of Tasks 


50 1.00 
Probability of Success 


Fic. 2. Relative attractiveness of tasks 
which differ in subjective probability of suc- 
cess (i.e., in difficulty). The avoidance curve 
has been inverted to show that very difficult 
and very easy tasks arouse less fear of failure 
and hence are less unattractive than moder- 
ately difficult tasks. 


motives, expectancies, and incentives. To ap- 
pear in Motives in fantasy, action, and society. 
Princeton: Van Nostrand (in preparation). 

6 McClelland, D. C. Risk-taking in children 
with high and low need for achievement. To 
appear in Motives in fantasy, action, and so- 
ciety. Princeton: Van Nostrand (in prepa- 
ration). 
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ment motive was employed. Children 
who were high in m Achievement more 
frequently set their level of aspiration 
in the intermediate range of difficulty. 
They took more shots from a modest 
distance. Children who were low in n 
Achievement showed a greater prepon- 
derance of choices at the extreme levels 
of difficulty. They more often stood 
right on top of the peg or stood so far 
away that success was virtually impos- 
sible. The same difference between high 
and low m Achievement groups was ob- 
served on another task with children in 
the third grade. McClelland views these 
results as consistent with his theoretical 
argument concerning the role of achieve- 
ment motivation in entrepreneurship and 
economic development (14). He has 


called attention to the relationship be- 
tween achievement motivation and an 
interest in enterprise which requires 
moderate or calculated risks, rather 
than very safe or highly speculative 


undertakings. 

In an experiment designed for another 
purpose, Clark, Teevan, and Ricciuti 
(4) have presented results with college 
students comparable to those of Mc- 
Clelland. Immediately before a final 
examination in a college course, stu- 
dents were asked a series of questions 
pertaining to grade expectations, affec- 
tive reactions to grades, and the grades 
they would settle for if excused from 
taking the exam. A number of indices 
were derived from responses to these 
questions, by which the students were 
classified as: hopeful of success, i.e., if 
the settle-for grade was near the maxi- 
mum grade the student thought he 
could possibly achieve; fearful of fail- 
ure, i.e., if the settle-for grade was near 
the minimum grade the student thought 
he might possibly drop to; and inter- 
mediate, i.e., if the settle-for grade 
fell somewhere between these two ex- 
tremes. Previously obtained m Achieve- 
ment scores were significantly higher for 
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the intermediate group than for the two 
groups who set either extremely high or 
low levels of aspiration. 

In terms of the model presented in 
Table 1, the two extreme patterns of 
aspirant behavior which are here desig- 
nated hope of success and fear of fail- 
ure are to be considered two pheno- 
typically dissimilar alternatives that are 
genotypically similar. That is, they both 
function to avoid or reduce anxiety for 
the person in whom the motive to avoid 
failure is stronger than the motive to 
achieve. 

A question may arise concerning the 
legitimacy of inferring relatively stronger 
motive to avoid failure from a low n 
Achievement score in thematic apper- 
ception. The inference seems justified 
on several counts. First, the kind of 
learning experience which is thought to 
contribute to the development of a posi- 
tive motive to achieve (15, 22) seems 
incompatible with the kind of experi- 
ence which would contribute to the de- 
velopment of an avoidant motive. In 
any specific early learning experience 
in which successful independent accom- 
plishment is encouraged and rewarded, 
it seems impossible for incompetence, 
at the same time, to be punished. Sec- 
ond, even if it is assumed that high and 
low n Achievement groups may be equal 
in the disposition to be fearful of fail- 
ure, the fact that one group does not 
show evidence of a strong motive to 
achieve (the group with low m Achieve- 
ment scores) suggests that fear of fail- 
ure should be relatively stronger in that 
group than in the group which does 
show evidence of strong m Achievement 
(high m Achievement scores). Finally, 
Raphelson (19) has presented evidence 
that m Achievement, as measured in 
thematic apperception, is megatively re- 
lated to both scores on the Mandler- 
Sarason Scale of Test Anxiety and a 
psychogalvanic index of manifest anx- 
iety obtained in a test situation. Test 
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anxiety scores and the psychogalvanic 
index of manifest anxiety were posi- 
tively correlated, as they should be if 
each is an effective measure of fear 
aroused in a competitive situation. 

Although a low m Achievement score 
can hardly be viewed as a direct index 
of the disposition to avoid failure, there 
seems good presumptive evidence that 
fear of failure is relatively stronger than 
the achievement motive in such a group. 
And this presumption is all the theory 
demands to explain the pattern of goal 
setting which focuses upon the extremes 
in the range of difficulty among persons 
low in n Achievement. 

The details of the exploratory experi- 
ments suggest that one further assump- 
tion be made. In both experiments, the 
high m Achievement groups showed evi- 
dence of maximum motivation when the 
observed or stated probability of success 
was approximately .33. At this point, 


the high m Achievement group showed 


the highest level of constrained perform- 
ance. And this point was most favored 
by the high Achievement group in set- 
ting level of aspiration in the McClel- 
land experiment.’ The assumption to 
be made seems a reasonable one: the 
relative strength of a motive influences 
the subjective probability of the conse- 
quence consistent with that motive— 
i.e., biases it upwards. In other words, 
the stronger the achievement motive 
relative to the motive to avoid failure, 
the higher the subjective probability of 
success, given stated odds. The stronger 
the motive to avoid failure relative to 
the achievement motive, the higher the 
subjective probability of failure, given 
stated odds or any other objective basis 
for inferring the strength of expectancy. 
Some evidence from two earlier studies 
is pertinent. When subjects stated the 
score that they expected to make on a 
test with very ambiguous or conflicting 
cues from past performance (15, p. 247) 
or when faced with a novel task at 


Motive to Achieve 


/ 


~ fen Motive to 


Avoid Failure 


Strength of Motivation 








50 

Objective Probability of Success 

Fic. 3. Strength of motivation to achieve 
and to avoid failure as a function of the ob- 
jective probability of success. It is assumed 
that the subjective probability of the conse- 
quence consistent with the stronger motive is 
biased upwards. 
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which they had no experience (18), the 
stated level of expectation was positively 
related to m Achievement. The biasing 
effect of the motive on subjective prob- 
ability should diminish with repeated 
learning experience in the specific situa- 
tion. 

When this assumption is made, the 
point of maximum motivation to achieve 
now occurs where the stated (objective) 
odds are somewhat Jower than .50; and 
the point of maximum motivation to 
avoid failure occurs at a point some- 
what higher than stated odds of .50, as 
shown in Fig. 3. The implications of 
this assumption for constrained per- 
formance in somewhat novel situations 
are evident in the figure. When the 
achievement motive is stronger than the 
motive to avoid failure, there should be 
a tendency for stronger motivation to 
be expressed in performance when the 
objective odds are long, i.e., below .50. 
When the motive to avoid failure is 
stronger than the achievement motive, 
there should be greater motivation ex- 
pressed when the objective odds are 
short, i.e., above .50. 

The effects of success and failure. 
Let us return to the model and ask, 
What are the effects of success and fail- 
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ure on the level of motivation? We 
may refer back to Table 1 to answer 
this question. First, let us consider the 
effects of success or failure on the level 
of motivation in a person whose motive 
to achieve is stronger than his motive 
to avoid failure. In the usual level-of- 
aspiration situation, he should initially 
set his goal where P, equals .50. In 
Table 1, this is Task E. If he succeeds 
at the task, P, should increase. And, 
assuming that the effects of success and 
failure generalize to similar tasks, the 
P, at Task D which was initially .40 
should increase toward .50. On the 
next trial, P, at Task E is now greater 
than .50, and P, at Task D now ap- 
proaches .50. The result of this change 
in P, is diminished motivation to achieve 
at the old task, E, and increased mo- 
tivation to achieve at Task D, an ob- 
jectively more difficult task. The ob- 
served level of aspiration should in- 
crease in a step-like manner following 
success, because there has been a change 
in motivation. 

A further implication of the change 
in strength of motivation produced by 
the experience of success is of great 
consequence: given a single, very diffi- 
cult task (e.g., P; = .10), the effect of 
continued success in repeated trials is 
first a gradual increase in motivation as 
P, increases to .50, followed by a 
gradual decrease in motivation as P, 
increases further to the point of cer- 
tainty (P,= 1.00). Ultimately, as P, 
approaches 1.00, satiation or loss of in- 
terest should occur. The task no longer 
arouses any motivation at all. Why? 
Because the subjective probability of 
success is so high that the incentive 
value is virtually zero. Here is the clue 
to understanding how the achievement 
motive can remain insatiable while 
satiation can occur for a particular line 
of activity. The strength of motive 
can remain unchanged, but interest in 
a particular task can diminish com- 
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pletely. Hence, when free to choose, 
the person who is stronger in achieve- 
ment motive should always look for new 
and more difficult tasks as he masters 
old problems. If constrained, the per- 
son with a strong achievement motive 
should experience a gradual loss of in- 
terest in his work. If the task is of in- 
termediate difficulty to start with (P, 
= .50), or is definitely easy (P, > .50), 
his interest should begin to wane after 
the initial experience of success. 

But what of the effect of failure on 
the person who is more highly moti- 
vated to achieve than to avoid failure? 
Once more we look at the Approach 
column of Table 1. If he has chosen 
Task E (P,=.50) to start with and 
fails at it, the P, is reduced. Continued 
failure will mean that soon Task F 
(formerly P, = .60) will have a P, near 
.50. He should shift his interest to this 
task, which was objectively less difficult 
in the initial ordering of tasks. This 
constitutes what has been called a lower- 
ing of the level of aspiration. He has 
moved to the easier task as a conse- 
quence of failure. 

What is the effect of continued fail- 
ure at a single task? If the initial task 
is one that appeared relatively easy to 
the subject (e.g., P, = .80) and he fails, 
his motivation should increase! The P, 
will drop toward .70, but the incentive 
value or attractiveness of the task will 
increase. Another failure should in- 
crease his motivation even more. This 
will continue until the P, has dropped 
to .50. Further failure should then lead 
to a gradual weakening of motivation as 
P, decreases further. In other words, 
the tendency of persons who are rela- 
tively strong in achievement motive to 
persist at a task in the face of failure is 
probably attributable to the relatively 
high subjective probability of success, 
initially. Hence, failure has the effect 
of increasing the strength of their mo- 
tivation, at least for a time. Ultimately, 
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however, interest in the task will di- 
minish if there is continued failure. If 
the initial task is perceived by the per- 
son as very difficult to start with (P, 
< .50), motivation should begin to di- 
minish with the first failure. 

Let us turn now to the effect of suc- 
cess and failure on the motivation of 
the person who is more strongly dis- 
posed to be fearful of failure. If the 
person in whom the motive to avoid 
failure is stronger has chosen a very 
difficult task in setting his level of as- 
piration (e.g., Task A where P, = .10) 
and succeeds, P, increases and his mo- 
tivation to avoid the task is paradoxi- 
cally increased! It would almost make 
sense for him deliberately to fail, in 
order to keep from being faced with a 
stronger threat on the second trial. If 
there are more difficult alternatives, he 
should raise his level of aspiration to 
avoid anxiety! Fortunately for this 


person, his strategy (determined by the 


nature of his motivation) in choosing a 
very difficult task to start with protects 
him from this possibility, because P, is 
so small that he will seldom face the 
paradoxical problem just described. If 
he fails at the most difficult task, as is 
likely, P, decreases further, P; increases 
further, and the aroused motivation to 
avoid failure is reduced. + By continued 
failure he further reduces the amount 
of anxiety about failure that is aroused 
by this most difficult task. Hence, he 
should continue to set his level at this 
point. If he plays the game long enough 
and fails continuously, the probability of 
failure increases for all levels of diffi- 
culty. Sooner or later the minimal mo- 
tivation to avoid failure at the most 
difficult task may be indistinguishable 
from the motivation to avoid failure at 
the next most difficult task. This may 
ultimately allow him to change his level 
of aspiration to a somewhat less diffi- 
cult task without acting in gross contra- 
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diction to the proposed principle of mo- 
tivation. 

If our fearful subject has initially 
chosen the easiest task (Task I where 
P,= .90) and if he fails, P, decreases 
toward .80, and his motivation to avoid 
the task also increases. If there is no 
easier task, the most difficult task should 
now appear least unattractive to him, 
and he should jump from the easiest to 
the most difficult task. In other words, 
continued failure at a very easy task 
decreases P, toward .50; and, as Table 1 
shows, a change of this sort is accom- 
panied by increased arousal of avoidant 
motivation. A wild and apparently ir- 
rational jump in level of aspiration from 
very easy to very difficult tasks, as a 
consequence of failure, might be mis- 
takenly interpreted as a possible effort 
on the part of the subject to gain social 
approval by seeming to set high goals. 
The present model predicts this kind of 
activity without appealing to some ex- 
trinsic motive. It is part of the strategy 
of minimizing expected pain of failure 
after one has failed at the easiest task. 

If our fear-disposed subject is success- 
ful at the most simple task, his P, in- 
creases, his P; decreases, and his mo- 
tivation to avoid this task decreases. 
The task becomes less and less unpleas- 
ant. He should continue playing the 
game with less anxiety. 

Table 1, when taken in its entirety, 
deals with the special case of the per- 
son in whom the two motives are exactly 
equal in strength. The implications are 
clear. In the constrained-performance 
situation, he should work hardest when 
the probability of success is .50, be- 
cause motivation to achieve and moti- 
vation to avoid failure will summate in 
the constrained instrumental act which 
is at the same time the pathway toward 
success and away from failure. (This 
summation should also occur in the 
cases where one motive is stronger.) 
But in the level-of-aspiration setting 
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where there is an opportunity for choice 
among alternatives, the avoidance moti- 
vation exactly cancels out the approach 
motivation. Hence, the resultant moti- 
vation for each of the alternatives is 
zero. His choice of level of aspiration 
cannot be predicted from variables in- 
trinsic to the achievement-related na- 
ture of the task. If there is any orderly 
pattern in this conflicted person’s level 
of aspiration, the explanation of it must 
be sought in extrinsic factors, e.g. the 
desire to gain social approval. Such a 
desire can also be conceptualized in 
terms of motive, expectancy, and incen- 
tive, and the total motivation for a par- 
ticular task can then be attributed to 
both achievement-related motives and 
other kinds of motives engaged by the 
particular features of the situation. 

In recent years there has been some- 
thing of a rebirth of interest in the 
problems of level of aspiration, particu- 
larly in pathological groups. The tend- 
ency for anxious groups to show much 
greater variability in level of aspiration, 
setting their goals either very high or 
very low relative to less anxious per- 
sons, was noted in early studies by 
Sears, Rotter, and others (12). Miller 
(17), Himmelweit (9), and Eysenck 
and Himmelweit (8) have produced 
substantial evidence that persons with 
affective disorders (neurasthenia or dys- 
thymia) typically set extremely high 
goals for themselves; hysterics, on the 
other hand, show a minimal level of 
aspiration, often setting their future 
goal even below the level of past per- 
formance. In all of these studies, nor- 
mal control groups have fallen between 
these two extremes, as might be ex- 
pected from the present model if nor- 
mals are relatively more positive in 
their motivation in achievement-related 
situations. 

In the work of Eysenck (7) and his 
colleagues, both dysthymics and hyster- 
ics show greater neuroticism than nor- 
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mal subjects. Eysenck’s interpretation 
of this factor as autonomic sensitivity is 
consistent with the implications of the 
present model, which attributes the set- 
ting of extremely high or low levels of 
aspiration to relatively strong motiva- 
tion to avoid failure. A second factor, 
extraversion-introversion, discriminates 
the affective disorders and hysterics 
where the present model, dealing only 
with motives intrinsic to the competi- 
tive achievement situation, does not. 
An appeal to some other motivational 
difference, e.g., in strength of m Affilia- 
tion, might also predict the difference 
in pattern of level of aspiration. 


Probability Preferences 


The present analysis is relevant to an- 
other domain of current research inter- 
est, that specifically concerned with the 
measurement of subjective probability 
and utility. Edwards (5, 6), for ex- 
ample, has reported probability prefer- 
ences among subjects offered alternative 
bets having the same expected value. 
We* have repeated the Edwards type 
experiment (e.g., 6/6 of winning 30¢ 
versus 1/6 of winning $1.80) with sub- 
jects having high and low m Achieve- 
ment scores. The results show that per- 
sons high in m Achievement more often 
prefer intermediate probabilities (4/6, 
3/6, 2/6) to extreme probabilities (6/6, 
5/6, 1/6) than do persons low in # 
Achievement. What is more, the same 
differential preference for intermediate 
risk was shown by these same subjects 
when they were allowed to choose the 
distance from the target for their shots 
in a shuffleboard game. In other words, 
the incentive values of winning qua 
winning, and losing qua losing, presum- 
ably developed in achievement activities 
early in life, generalize to the gambling 


7 Atkinson, J. W., Bastian, J. R., Earl, 
R. W., and Litwin, G. H. The achievement 
motive, goal-setting, and probability prefer- 
ences (in preparation). 
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situation in which winning is really not 
contingent upon one’s own skill and 
competence. 


Social Mobility Aspirations 


Finally, the present model may illu- 
minate a number of interesting research 
possibilities having to do with social and 
occupational mobility. The ranking of 
occupations according to their prestige 
in Western societies clearly suggests that 
occupations accorded greater prestige 
are also more difficult to attain. A 
serious effort to measure the perceived 
probability of being able to attain cer- 
tain levels on the occupational ladder 
should produce a high negative correla- 
tion with the usual ranking on prestige. 
If so, then the present model for level 
of aspiration, as well as its implications 
for persons who differ in achievement- 
related motives, can be applied to many 
of the sociological problems of mobility 
aspirations. A recent paper by Hyman 


(10) has laid the groundwork for such 
an analysis. 


SUMMARY 


A theoretical model is presented to 
explain how the motive to achieve and 
the motive to avoid failure influence be- 
havior in any situation where perform- 
ance is evaluated against some standard 
of excellence. A conception of motiva- 
tion in which strength of motivation is a 
joint multiplicative function of motive, 
expectancy (subjective probability), and 
incentive is offered to account for the 
selection of one task among alternatives 
which differ in difficulty (level of as- 
piration), and also to account for per- 
formance level when only one task is 
presented. It is assumed that the in- 
centive value of success is a positive 
linear function of difficulty as inferred 
from the subjective probability of suc- 
cess; and negative incentive value of 
failure is assumed to be a negative linear 
function of difficulty. The major im- 
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plications of the theory are (a) that 
performance level should be greatest 
when there is greatest uncertainty about 
the outcome, i.e., when subjective prob- 
ability of success is .50, whether the 
motive to achieve or the motive to 
avoid failure is stronger within an indi- 
vidual; but (4) that persons in whom 
the achievement motive is stronger 
should prefer intermediate risk, while 
persons in whom the motive to avoid 
failure is stronger should avoid inter- 
mediate risk, preferring instead either 
very easy and safe undertakings or ex- 
tremely difficult and speculative under- 
takings. Results of several experiments 
are cited, and the implications of the 
theoretical model for research on prob- 
ability preferences in gambling and 
studies of social mobility aspirations are 
briefly discussed. 
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DURABLE SECONDARY REINFORCEMENT: METHOD 
AND THEORY? 
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For at least a decade now, the im- 
portance of secondary reinforcement has 
been increasingly emphasized by learn- 
ing theorists and by systematists in gen- 
eral. It is true that Spence (22) has re- 
cently revised his earlier position (21) 
in which this phenomenon played an 
important role. And McClelland (11) 
has for some time questioned its impor- 
tance because of its apparent instability. 
Nevertheless, secondary reinforcement is 
alluded to more and more frequently in 
the psychological literature; and an em- 
pirical demonstration of its reality and 
durability, if reality and durability it 
has, becomes correspondingly more de- 
sirable. 

The purpose of the present paper is 
to report a method whereby secondary 
reinforcement can be made extraordi- 
narily effective and stable. Some of the 
theoretical implications of this finding 
will also be briefly discussed. 


I. A Two-StacGE INTERMITTENT RE- 
INFORCEMENT PROCEDURE WHICH 
LEADS TO POWERFUL SECONDARY 

REINFORCEMENT 


With the experimental procedure to 
be reported here, it has been found pos- 
sible to give a secondary reinforcer such 
strength that it could, if desired, be used 
as a class demonstration of the Law of 
Effect, much in the manner of such pri- 
mary reinforcers as food and water. 
The method whereby such stable sec- 


1 The author wishes to express his gratitude 
io Dr. O. H. Mowrer for offering many help- 
ful suggestions during the course of the re- 
search here reported and for reading and criti- 
cizing the manuscript. 


ondary reinforcement can be established 
is as follows: 

Training. A thirsty rat is put into a 
small (11 X 11 X 11-in.) box fitted with 
a motor-driven water delivery mecha- 
nism. After the anirnal becomes ha- 
bituated to the situation, a formerly 
neutral stimulus is given secondary rein- 
forcement potentia! in this way: A two-. 
second buzzer, follsx« by operation of 
the water delivery Jipper, is presented 
at approximately one-minute intervals. 
Buzzer presentations are programmed 
independently of the behavior of the 
animal, with the exception that the 
buzzer never sounds while the animal 
hovers over the water-delivery aperture. 


After the approach response has been 
firmly established, water reinforcements 
are omitted following the buzzer, at first 
on alternate presentations, then succes- 


sively in longer runs. The ratio of 
rewarded to nonrewarded presentations 
varies somewhat randomly, the mean 
number of reinforcement omissions, how- 
ever, moving upward. A 1:10 ratio is 
finally stabilized, with the longest single 
nonreinforced run being 1:14. What is 
involved here, then, is a variable ratio 
of water-rewarded to nonrewarded S* 
(secondary-reinforcement stimulus) pres- 
entations,’ this ratio being gradually in- 
creased. During this training the vigor 
with which the animal leaps to the water 
delivery aperture following the buzzer 
does not lessen, in spite of the fact that 
the frequency of “pay off” is progres- 
sively decreasing. 


2 For convenience the following symbols will 
be used: S* for secondary reinforcer, SD for 
positive discriminative stimulus, S4 for nega- 
tive discriminative stimulus. 
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During this type of training what 
happens is that the buzzer becomes a 
signal “that water may now be avail- 
able.” Water is received at no time ex- 
cept when the buzzer sounds, so the ani- 
mal soon learns to “pay attention” to 
the buzzer—as it were, to “jump at the 
chance” which it affords. But the buzzer 
is not a sure sign of water. 

Testing. Following the training pro- 
cedure just described, the buzzer is 
tested for its secondary reinforcing prop- 
erties by presenting it as a consequence 
of the rat’s pressing a small bar which 
is now available. The buzzer (S") alone 
is thus used to strengthen this response, 
no further water reinforcements being 
given. However, instead of having the 
buzzer invariably follow bar pressing, 
the procedure again involves intermit- 
tent reinforcement. Here various op- 


tions regarding the detailed procedure 
that may be used are open to the ex- 
perimenter. The one that produced the 
results shown in Fig. 1 went as fol- 


lows. On the first day of testing, the 
bar-pressing behavior was established by 
reinforcing (with the buzzer) the first 
six responses (segment A). Thereafter 
S' was given following a response only 
when at least a minute had elapsed since 
the preceding reinforcement (segment 
B). When the buzzer was discontinued 
entirely, a typical extinction perform- 
ance followed (segment C). Recondi- 
tioning, with secondary reinforcement 
only, was possible on a second day, 
without intervening primary reinforce- 
ment of the secondary reinforcer. Vari- 
ous fixed-ratio schedules have also given 
satisfactory results. 

A point to be stressed here is that the 
intermittent reinforcement schedules of 
the kind just suggested for use during 
the test period will increase response out- 
put provided that, on the basis of the 
prior training procedure (involving in- 
termittent primary reinforcement), the 
secondary reinforcer itself has been 
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RESPONSES 








Ss MINUTES 


Fic. 1. Cumulative curves for acquisition 
and extinction of a bar-pressing response 
which received only secondary reinforcement. 
The two lower curves are for the animal’s per- 
formance on Day 1; the three upper curves 
are for Day 2. From the origin to A, all re- 
sponses were reinforced. From A to B, a 
one-minute fixed-interval schedule was used. 
Extinction began at B. At C (second day), 
the fixed-interval reinforcement schedule was 
resumed. Extinction began again at D. Each 
step rise in the curves represents one bar re- 
sponse. 


made “strong enough” to withstand a 
schedule of this kind. If S* is relatively 
weak, as in the usual sort of secondary 
reinforcement experiment, its effective- 
ness will wear out before any such 
schedule has a chance to operate. 

Thus, two kinds of intermittent rein- 
forcement are involved in the experi- 
mental procedure just described. One is 
intermittent reinforcement in the estab- 
lishment of the secondary reinforcer, 
ie., intermittent association of primary 
reinforcement with the secondary rein- 
forcer. The other is intermittent ad- 
ministration of the secondary reinforcer 
itself, following the occurrence of the 
new response to be thereby strength- 
ened. This second intermittent pro- 
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cedure may follow any of various sched- 
ules, typical results for one of which 
are shown. 

The distinctive characteristics of the 
foregoing experimental procedure may 
be listed as follows: 

1. The secondary reinforcing stimu- 
lus, S', is discrete. That is, it is not, as 
in many studies, some fixed character- 
istic of the experimental situation which 
persists throughout time—such as a con- 
tinuous light in a Skinner box (4, 5), 
or the color of a runway goal box (16). 
In this respect it parallels a typical pri- 
mary reinforcing event, such as the ap- 
pearance (and disappearance) of a bit 
of food or water. The click of a food- 
delivery magazine, for a hungry rat, is 
a discrete event which may be presented 
anew following selected instances of a 
new response which is to be strength- 
ened. Moreover, the stimulus thus used 
has an independently observable effect 
on behavior before the test procedure 
begins. The sound of magazine op- 
eration, following bar pressing (in an 
ordinary Skinner box), releases food- 
approaching behavior. In the same way 
the stimulus (buzzer) used in the pres- 
ent experiment leads to water-aperture 
approach during the training period, be- 
fore its secondary reinforcing properties 
are independently demonstrated. In the 
case of something such as the color of a 
goal box, no such initial control of be- 
havior is observed. 

2. During training, water never ap- 
pears without being preceded by S', but 
the appearance of S' does not insure the 
appearance of water. In this respect the 
procedure is just the opposite of that 
used by Melching (12), where second- 
ary reinforcement implies primary rein- 
forcement but not the reverse. 

3. The intermittent-reinforcement ra- 
tios used (both in the association of S* 
with water and the presentation of S™ 
following the bar response) are rela- 
tively high. Most experimenters have 
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used ratios of the order of 1:2 or 1:3. 
In this respect the present procedure dif- 
fers from that used by Saltzman (16) 
and Clayton (2), but is like that of 
Dinsmoor (4, 5). In order to achieve 
a high ratio of reinforcement, approxi- 
mation by successive steps appears to be 
essential. 

4.-The reinforcing effect of S™ is 
clearly exhibited in the behavior of an 
individual animal. The observed experi- 
mental effect is so large that it is not 
necessary to use statistical criteria to 
demonstrate its reality. The same clear- 
cut effect has been obtained over and 
over again, with many animals. 


II. How Dogs INTERMITTENT REIN- 
FORCEMENT INCREASE RESISTANCE 
To EXTINCTION? 


In the preceding section a method, 
admittedly rather complex, has been re- 
ported whereby highly stable and power- 
ful secondary reinforcement can be dem- 
onstrated. This method is successful 
because it makes the phenomenon in 
question unusually resistant to extinc- 
tion, and this end is achieved by the 
use of schedules of partial reinforce- 
ment. In order to get a better theoreti- 
cal grasp of what is involved here, it 
will be useful to review a part of the 
history of the partial-reinforcement pro- 
cedure. ~ 

The notion that failure or adversity, if 
ultimately followed by success, strength- 
ens an individual’s “character” and ca- 
pacity to persevere is a very old one. 
The writer of the Book of James in the 
New Testament shows a clear apprecia- 
tion of it. And Jenkins and Stanley, in 
their 1950 review, have this to say: 


Partial reinforcement is such a ubiquitous 
phenomenon that one wonders why psycholo- 
gists for so long failed to examine its con- 
sequences. ... The animal trainer feeds his 
dogs only after several occurrences of the de- 
sired act, the clerk receives his check only once 
each month, the psychologist publishes his 
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findings only after prolonged endeavor, the 
gambler continues to bet despite an infrequent 
payoff, ad infinitum. Continuous reinforce- 
ment seems to be the exception, not the rule 
(10, p. 196). 


When Skinner (19), first, and then 
Humphreys (9) and others reported ex- 
perimental evidence on this score, their 
findings were more surprising theoreti- 
cally than empirically. And the reason, 
as Jenkins and Stanley note, was this: 


A straight S-R interpretation, that reward 
strengthens a response and omission of reward 
weakens it, would predict a weaker response 
with partial reinforcement than with 100% 
reinforcement in acquisition, performance, and 
extinction. The facts of post-partial extinc- 
tion are clearly opposed to this position [in 
one important respect] (10, p. 222). 


Numerous attempts have been made 
both to modify reinforcement theory so 
as to make it account for such findings 
and, by its opponents, to discredit the 
theory. No systematic attempt will be 
made here to cite the resulting literature. 
Instead, the writer will sketch what 
seems to be the currently most justifi- 
able interpretation of this phenomenon. 

Following related suggestions by Skin- 
ner (19) and Humphreys (9), Mowrer 
and Jones (15) in 1945 advanced what 
they termed the “discrimination hy- 
pothesis” to account for the effects of 
partial reinforcement upon resistance to 
extinction. To quote: 


If, during acquisition, a response (conceived 
as a more or less isolated movement) occurs 
repeatedly but is rewarded only now and 
then, the transition from acquisition to ex- 
tinction will not be discriminated as sharply 
as if acquisition has involved reward for each 
and every response. With “faith” thus estab- 
lished that failure will ultimately be followed 
by success, “discouragement” is slower to set 
in (ergo, greater “resistance to extinction’’) 
when there is a change in objective conditions 
from acquisition (occasional reward) to ex- 
tinction (no reward whatever) ... (15, p. 
309). 


Or, as formulated elsewhere, the no- 
tion would be that “. . . resistance to 
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extinction is greater following intermit- 
tent reinforcement because the subject 
has difficulty in discovering that the ex- 
tinction procedure is extinction, rather 
than just a continuation of positive 
training” (14). 

One may thus say that the greater re- 
sistance to extinction which occurs fol- 
lowing partial reinforcement is due to 
the fact that the subject is “fooled” or 
“tricked” into misperceiving as a con- 
tinuation of acquisition (ultimate reward 
likely) what is in reality extinction (no 
possibility of reward). This type of 
thinking has received experimental con- 
firmation in a study reported by Bitter- 
man, Fedderson, and Tyler (1). How- 
ever, it is cast in a terminology that is 
frankly “cognitive” and needs, if pos- 
sible, to be translated into more objec- 
tive language. This, fortunately, is not 
difficult to do. 

Let us begin by considering the fol- 
lowing situation. A hungry rat is put 
into an experimental set-up in which 
each depression of a bar causes a pellet 
of food to appear in a nearby trough. 
After the bar-pressing response is well 
stabilized, with 100% reinforcement, the 
procedure is altered so that bar pressing 
suddenly ceases to produce food until a 
minute has elapsed. As a result of 
making several “extinction,” i.e., unre- 
warded, responses, two things happen to 
the rat. Each unrewarded response leads 
to some decrement in response strength, 
but also—and for present purposes, more 
importantly—each unsuccessful response 
becomes an event which precedes the re- 
inforcement which is going to come at 
the end of the minute. For this state of 
affairs to obtain, it should be noted, the 
response strength must be great enough 
that the response will continue to occur 
from time to time throughout the mi- 
nute interval—that is to say, the shift 
from 100% reinforcement to less-than- 
100% reinforcement must not be so 
drastic that the response will completely 
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extinguish before the possibility of the 
next reinforcement is at hand. 

Another way of expressing this posi- 
tion is as follows. During 100% rein- 
forcement a number of stimulus events 
have been the occasion upon which food 
is received. These have included the 
stimuli arising from the bar and its vi- 
cinity, the proprioceptive consequences 
of mounting and beginning to press the 
bar, and, especially, the stimuli arising 
from eating the food pellet which was 
obtained on the just-previous press. 
During intermittent training, however, 
an additional element is added to this 
complex of stimuli which set the occa- 
sion for reinforcement—namely, the 
stimulus consequences of a number of 
previous bar-presses which have not 
been reinforced. It is not surprising, 
then, that this discrimination should 
continue to operate for some time into 
the extinction session. And, particu- 
larly, if many unreinforced bar presses 
have been experienced during acquisi- 
tion, it is quite reasonable to suppose 
that the discriminative control would 
hold up far into the extinction session 
before breaking down. 

This argument has been developed in 
greater detail by Skinner (20), who has 
shown that the form of the curves which 
are generated under different kinds of 
schedules, both during acquisition and 
during extinction, can be readily ac- 
counted for by such assumptions as 
these. 

Another important implication of the 
discrimination hypothesis, which has not 
often been taken into consideration by 
theorists in dealing with partial rein- 
forcement, should be stressed. The im- 
plication is this: Behavior will be main- 
tained without decrement under a par- 
ticular intermittent schedule only if the 
change from 100% reinforcement to 
less-than-100% reinforcement is gradual 
enough to maintain discriminative con- 
trol. For example, if an animal is 
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switched from continuous reinforcement 
to a fixed ratio of 1:100, the response 
will extinguish. However, going up- 
ward in small steps—say from 1:1 to 
1:10 to 1:20, etc., and eventually to 
1: 100, will maintain the performance. 

The implications of this well-substan- 
tiated empirical finding are rather far- 
reaching, especially when considered in 
relation to the usual kind of formula- 
tions of partial reinforcement and of 
probability learning. It would seem 
that frequency of reinforcement is not 
simply a parameter which has an or- 
derly relation to “habit strength” when- 
ever it is introduced into an experimen- 
tal session. Rather, the effects of given 
frequencies of reinforcement will depend 
critically upon the manner in which the 
intermittency is introduced into the ses- 
sion. At least this seems to be true for 
the free-responding situation. 

In other words, no generalizations can 
be made about given frequencies of re- 
inforcement, per se, without further 
specification of the initial and boundary 
conditions of the case. A curve show- 
ing “habit strength” as a function of 
frequency of reinforcement would be 
meaningless, since a given frequency 
might or might not maintain perform- 
ance, depending upon the conditions un- 
der which it were approached. Introduc- 
tion of a frequency, that is to say, is not 
“independent of path” in the mathe- 
matical sense. 


III. INTERMITTENCY AND SECONDARY 
REINFORCEMENT 


As originally expressed by Hull, the 
principle of secondary reinforcement 
was simple and straightforward: A 
stimulus which occurs “consistently and 
repeatedly” in conjunction with a rein- 
forcing state of affairs acquires, itself, 


reinforcing potential. As will become 
clear in the next section, the simplicity 
of this principle is elusive; and certain 
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ammendments will be necessary in order 
to account for all the relevant data. 
Once again the paradigm of discrimina- 
tion will prove useful. 

Before pursuing this line of thinking, 
however, let us return to the secondary 
reinforcement procedure reported in the 
first section. 

In secondary reinforcement, we have 
seen, there are two kinds of “condition- 
ing” or “association” processes going on, 
namely: (a) association of the potential 
secondary reinforcer with primary rein- 
forcement; and (6) subsequent presen- 
tation of this secondary reinforcer as a 
consequence of some selected response. 
Theorists have not always clearly distin- 
guished between these two processes. 
Although drawing the distinction, Hull 
(8) stressed only the second and neg- 
lected the first. Whereas he offered 
much mathematical machinery in order 
to deal with the strength of S-R con- 
nections as a function of number of re- 
inforcements and other variables, Hull 
said relatively little about the manner 
in which the strength of secondary rein- 
forcers builds up and decays. Although 
a “repeated and consistent” association 
was held to be necessary, the form of the 
relationship here was not indicated with 
the same explicitness as in the case of 
other variables.® 


8 Another ambiguity, which may turn out 
to be of the highest importance, concerns the 
way in which the “strength” of a secondary 
reinforcer is to be measured. In one sense this 
“strength” might be presumed to vary along 
the same dimensions as does amount and 
quality of a reinforcing agent, that is, by lead- 
ing to a stronger habit when presented a given 
number of times as a consequence of respond- 
ing on the part of the animal. Another indi- 
cation of the potency of the secondary rein- 
forcer is the extent to which behavior can be 
established and maintained by its presentation 
in the absence of primary reinforcement, i.e., 
how long it lasts before wearing out. Subse- 
quent analysis may, in fact, indicate that varia- 
tion on this latter dimension may occur within 
wide limits, whereas there may be no variation 
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In the preceding section we have at- 
tempted to explain why intermittent rein- 
forcement of responses results in greater 
resistance to extinction. There remains, 
however, the problem of dealing with in- 
termittency in the association of S' with 
primary reinforcement (or in Hull’s 
terms, a repeated but inconsistent as- 
sociation), which is something quite 
different. 

An example from human behavior may 
help to clarify this point. When the 
telephone rings, we are not always re- 
inforced for answering it. But when it 
rings, we predictably answer. This kind 
of intermittency of reinforcement is to 
be distinguished from that in which a 
given response occurs “spontaneously,” 
over and over again, and is only occa- 
sionally reinforced. Whereas much is 
known experimentally about the effect of 
intermittency in the case of nondiscrimi- 
native, freely occurring behavior, the ef- 
fects of intermittency in the case of dis- 
criminative behavior is only just begin- 
ning to be studied. As the research 
findings reported in this paper indicate, 
discriminative behavior, with intermit- 
tent reinforcement, can be maintained at 
high strength. But the upper limit of 
the ratio of reinforced to nonreinforced 
occasions which is here possible is prob- 
ably not so high as in the case where 
the responses occur freely (ratios as high 
as 1/100 or 1/1000, and even higher, 
have been reported). 

The intermittent secondary-reinforce- 
ment technique, as described above, is 
analogous. We are dealing with inter- 
mittent reinforcement of a _ response 
(running to the water aperture), but 
by the addition of a discriminative 
stimulus—the buzzer—we now have a 
situation in which the experimenter can 
reliably and predictably control the re- 
sponse by virtue of his ability to manipu- 


at all on the first dimension. Discussion in 
later sections should clarify this point. 
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late the buzzer presentations. The event 
then may be made a consequence of 
prior behavior on the part of the animal 
(bar pressing), and the experimenter 
can observe the effect on the frequency 
of this behavior. By using the variable 
ratio procedure, stability of behavior 
following the buzzer is insured. Long 
runs of S' occurrences with no water 
immediately forthcoming will have been 
encountered during training; and when 
extinction (a shift from occasional rein- 
forcement to mo reinforcement) is be- 
gun, the change will not be very great. 
This point will be discussed in greater 
detail below, but we may anticipate it 
by saying that this specific response— 
approaching the water aperture—may 
itself be a critical event in determining 
the reinforcing properties of S'. Any 
procedure which insures that this re- 
sponse “lasts longer” (remains under the 
discriminative control of the signal) dur- 
ing the later test procedure will then 
augment the secondary reinforcing po- 
tential of the signal. 

Granted that the secondary reinforcer 
will last for some time during the test 
session—that is to say, that it is “good 
for” a certain number of presentations 
following the desired new behavior— 
there is still the problem of maximizing 
the work output of the animal. It is 
here that the second intermittent pro- 
cedure—the familiar intermittent rein- 
forcement of a response (to which the 
discrimination hypothesis was originally 
designed to apply)—is employed. By 
presenting S" intermittently during the 
test session, the magnitude of the rein- 
forcing effect is increased in three ways. 
(a) S" presentations are stretched out 
over a longer period of time, and more 
work is required of the animal for each 
of the available S" presentations. (6) 
S" presentations tend to be distributed, 
rather than massed, and for this reason 
also the reinforcing effect may diminish 
more slowly. (c) The resistance to ex- 
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tinction of the new response is increased, 
so that when S* is itself withdrawn, the 
animal may nevertheless continue to per- 
form the new response for a considerable 
period of time thereafter. 

We are thus dealing with a controlling 
event, S', which is diminishing in po- 
tency at the same time that it is be- 
ing utilized. Each presentation of S™ 
strengthens some behavior, and also leads 
to a decrement in its effectiveness on the 
next presentation. The problem is to 
use S' judiciously while it is effective. 
We might conceive of an experimenter 
with a supply of hypothetical food pel- 
lets which, by some magical means, 
grow smaller and smaller with each 
presentation to the animal, until they 
finally reach microscopic size, or disap- 
pear entirely. If the experimenter faces 
the problem of getting as much work out 
of the animal as possible, over as long 
a period of time as possible, an inter- 
mittent reinforcement procedure would 
clearly be in order. 


IV. SECONDARY REINFORCEMENT AND 
DISCRIMINATION FURTHER CONSID- 
ERED (THE DrnsMooR HYPOTHESIS) 


Following suggestions previously put 
forward by Schoenfeld, Antonitis, and 
Bersh (17), Dinsmoor (3) in 1950 ad- 
vanced the thesis that secondary rein- 
forcement and discrimination, in some 
kinds of situations, are identical—or, at 
least, that any stimulus which is a sec- 
ondary reinforcer also has cue proper- 
ties, and vice versa. The great im- 
portance of this thesis—and Dinsmoor 
reported experimental results which sub- 
stantially confirmed it—is only just be- 
ginning to be appreciated. One of the 
major implications is this: A stimulus 
which is “repeatedly and consistently” 
paired with primary reinforcement pre- 
sumably will mot acquire secondary re- 
inforcing properties unless, in addition, 
it has first played a discriminative role 





380 


of some kind, as a result of a differ- 
ential reinforcement procedure. 

On the basis of his experiment, Dins- 
moor concludes: 


It no longer seems to be necessary to pro- 
vide separate theoretical accounts of the man- 
ner in which a discriminative or reinforcing 
stimulus gains or loses the power to raise the 
rate of a response. The previous distinction 
between the two types of stimulus appears to 
be reduced to a distinction between two cate- 
gories of temporal schedule for the adminis- 
tration of the stimulus. This distinction is 
relevant chiefly to the determination of the 
distribution of the stimulus effects among the 
variety of responses in the organism’s reper- 
toire (3; p. 471). 


What Dinsmoor means by the latter 
remark, apparently, is this: If a stimu- 
lus appears before a response which re- 
ceives primary reinforcement (sets the 
occasion for a response), we call that 
stimulus a cue (S?); whereas, if the 
same stimulus is produced, not by the 
experimenter, but by some distinctive 
action on the part of the subject, we re- 
fer to it as a secondary reinforcer (S*) 
because it increases the likelihood of re- 
currence of this response. Said other- 
wise, a secondary reinforcer is a cue 
which the subject himself provides, by 
means of his own behavior. And when 
a stimulus gains or loses one capacity, 
it at the same time gains or loses the 
other. 

The question now naturally arises as 
to how these considerations bear upon 
the so-called “discrimination” hypothe- 
sis previously discussed, in Section IT. 
The relationship seems to be straight- 
forward and consistent. According to 
the Dinsmoor thesis, a secondary rein- 
forcer is a stimulus which enables the 
subject to discriminate between the con- 
ditions (S*) under which a particular 
response, if it occurs, will mot be rein- 
forced and conditions (S?) under which 
this response will be reinforced. And 
the secondary reinforcement capacity of 
such a stimulus is shown by the fact 
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that the subject will learn to make a 
new response if that response produces 
the cue stimulus, S?. 

Now, in a partial-reinforcement train- 
ing procedure, a special condition is in- 
troduced. Here S* (absence of S?) still 
means that the response in question will 
not “work”; i.e., in the situation de- 
scribed in Section I, the rat never gets 
water as a result of going to the water 
aperture when the buzzer has not 
sounded. But there is this difference: 
although the buzzer is thus a cue—which 
must be responded to (lest water be 
available, but not discovered, as it were) 
—it is an inconsistent one. As has been 
mentioned above, this inconsistency of 
reinforcement does not diminish the dis- 
criminative control which is exerted by 
the stimulus. And because it has been 
thus intermittently reinforced during ac- 
quisition, the lack of reinforcement is, 
so to say, no novelty when it occurs dur- 
ing extinction. 


V. Is A SECONDARY REINFORCER More 
EFFECTIVE 1F It “RELEASES” 
BEHAVIOR? 


The Dinsmoor hypothesis points to an 
equivalence between two functions of a 
stimulus which were formerly held to be 


separate. Although the results here are 
not as yet unequivocal, enough evidence 
now exists to justify the use of a dis- 
crimination training procedure whenever 
an effort is being made to give a stim- 
ulus secondary reinforcing properties. 
One may note these results, however, 
and still ask the question, Why? We 
must now examine briefly the possibility 
that the equivalence between discrimina- 
tive stimuli and secondary reinforcing 
stimuli may be derived from more basic 
principles. Three possibilities suggest 
themselves. 

1. In watching the behavior of the 
animals during the procedure described 
in Section I, one is reminded of Guthrie’s 
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lastness-of-response hypothesis (7), or 
the postremity principle, as Voeks (24) 
has called it. Certainly a striking thing 
about the buzzer is the promptness and 
reliability with which it calls the sub- 
ject away from whatever else it is doing 
and causes it to go to the water aperture. 
And when the bar is made available and 
so connected that the subject, by de- 
pressing it, can produce the buzzer (at 
least intermittently), one might argue 
that the response is preserved, or “pro- 
tected.” That is, the buzzer guarantees 
that the /ast response made will be one 
of bar pressing, since the buzzer then 
comes on and “takes the subject out of 
the situation.” 

A similar interpretation of the effects 
of reinforcers (both primary and sec- 
ondary) has been suggested by Ver- 
planck (23), and Estes (6). Following 


this kind of thinking in connection with 
secondary reinforcement, it is easy to 


see why the Dinsmoor restriction—that 
S* must also be S?—would be essential. 
When, following training, the stimulus is 
presented as a consequence of a response, 
it will elicit the behavior which it has 
formerly controlled in its discriminative 
role—in the present context, approaching 
the magazine. This uniform behavior, 
as long as it lasts, will “take the animal 
out of the situation,” just as does a pri- 
mary reinforcer. The Dinsmoor hypoth- 
esis may, in the light of this interpreta- 
tion, be restated in somewhat stronger 
form: A stimulus will be effective as a 
secondary reinforcer for new behavior if 
and only if it has some response already 
conditioned to it. The secondary re- 
inforcer, that is to say, must predictably 
“release” some behavior as a result of a 
prior training procedure; and when it 
then is used to strengthen new behavior, 
it is this response which is “released,” 
not the stimulus gua stimulus which is 
the critical event. The question “How 
can secondary reinforcers be made to 
last longer?” may then be rephrased, 
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“How can discriminative stimuli be 
made to retain control over uniform be- 
havior longer?” 

Whether such specific control is both 
necessary and sufficient for reinforce- 
ment is a question which only further 
research can answer. This position 
would seem to be demanded by strict 
contiguity theorists such as Guthrie. 

2. The former, weaker hypothesis— 
that discrimination is necessary, but not 
sufficient—could be readily assimilated 
by a variety of current theories of learn- 
ing. A position such as that of Spence 
(22) or Seward (18), for example, could 
hold that the effect of a stable maga- 
zine-approach response depends upon 
r,’s which are consistently elicited and 
protected from extinguishing. 

3. Yet another possibility suggests it- 
self. Because the buzzer reliably elicits 
running to the water aperture, the pro- 
prioceptive and other feedback from 
this response also become effective and 
the range of stimulation received is 
thereby enlarged. Hence, when the sub- 
ject is later given an opportunity to 
press the bar, it is plausible to hold that 
there is now, so to say, a double course 
of secondary reinforcement: the buzzer 
(immediate feedback from bar pressing) 
and the stimulation produced by the be- 
havior which the buzzer releases (medi- 
ated feedback from bar pressing). Thus, 
to generalize, one might conclude that 
any procedure where S" is also an S? 
will result in more potent secondary re- 
inforcement because here there are more 
varied and more numerous stimuli pro- 
vided by the mediating behavior. Per- 
haps much the same effect could be 
achieved by having S™ consist, not of a 
single, segmental stimulus change, but of ~ 
several such stimuli. The latter might 
be more properly termed a change in the 
situation, thus being more nearly com- 
parable to the change brought about by 
the animal’s own response to S™ and the 
resulting stimulus consequences. This 
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is, however, at best conjectural; and the 
whole question of precisely why a re- 
sponse to an S" makes it so much more 
efficient as a secondary reinforcer is still 
far from settled. 


VI. SumMaRY AND CONCLUDING 
REMARKS 


Mowrer (13) has recently presented 
a theoretical interpretation of learning 
which depends critically upon the prin- 
ciple of secondary reinforcement. This 
theory is, in essence, a searching analy- 
sis and reformulation of the concept of 
habit, which is so ubiquitous in con- 
temporary learning theory. Secondary 
reinforcement, as an experimental para- 
digm, is used as a major explanatory 
principle. 

In the past, one of the disconcerting 
things about secondary reinforcement 
has been the extremely transitory and 
unstable nature of the demonstrated 
laboratory effect. One thing seems clear: 
a theory which leans so heavily upon 
this principle is doomed at the outset if 
the raw empirical phenomenon cannot 
be demonstrated in more potent form. 
Before using the paradigm as an ex- 
planatory device to account for (reduce 
to more basic principles) the most com- 
plex forms of rsammalian behavior, there 
seems to be the anterior question as to 
whether, in fact, secondary reinforce- 
ment is real, qua phenomenon. Al- 
though experimental work within the last 
three decades has provided suggestive 
evidence, the results have been far from 
unequivocal. Actual experimental dem- 
onstration—such that a disinterested ob- 
server could view the animal in question 
and be convinced that “something is 
really happening”—has been lacking. 

It has been the purpose of this paper 
to discuss a method by which secondary 
reinforcement can be made highly effec- 
tive and stable, thus giving the needed 
empirical buttressing to the kind of 
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theorizing cited. This method depends 
upon the use of intermittent reinforce- 
ment, thereby a’so further accenting the 
very great importance of the intermit- 
tent reinforcement technique for psycho- 
logical theory. 
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The two major theoretical accounts 
of color vision are those classified as 
the Young-Helmholtz and the Hering 
types of theories. For many years the 
former has been judged by most work- 
ers in the field to provide the simplest 
explanation of the way in which light 
stimuli give rise to color sensations. 
The advantages that appear to favor 
the Young-Helmholtz three-component 
hypothesis are two: it is parsimonious, 
and its postulates are easily quantifiable 
and hence subject to precise experimen- 
tal test. In its parsimonious and easily 
quantifiable form, the theory is simple: 
in addition to the rods which subserve 
twilight vision, the eye contains three 
kinds of cone photoreceptors; each type 
of cone contains a differently selective 


photochemical substance; each is asso- 
ciated with its own specific nerve fiber; 
and each cone-photochemical-nerve fiber 
system is correlated with one of the 
three specific “fundamental” color sen- 
sations, namely, red, green, and blue 


(or violet). All sensations are consid- 
ered as compounded of varying amounts 
of these three excitatory systems, with 
white arising from equal and simultane- 
ous excitation of all three, and yellow 
from equal red and green excitations. 
The Young-Helmholtz three-cone, 
three-nerve, three-sensation theory de- 
rives directly from the basic fact of 
color mixture, namely, that all visible 
hues can be matched by the mixture, 
in proper proportions, of only three 
physical light stimuli. Based squarely 
on this fact, the theory is readily quanti- 
fied in terms of the three measurable 
variables of color mixture experiments. 
But the three measured variables, it 


1 Now at New York University. 


384 


must be emphasized, are the three 
physical light stimuli used in the color 
mixture experiments; they are not the 
postulated three “fundamental” color 
sensations, for with each different stimu- 
lus triad used for color matching a dif- 
ferent and equally valid triad of color 
mixture functions is obtained. Conse- 
quently, throughout some hundred years 
since the original formulation of the 
idea, a continued series of attempts has 
been made to find the proper transfor- 
mation of the three measured color- 
mixture curves that will bridge the gap 
and yield the unique spectral distribu- 
tion curves of the desired physiological 
correlates of the three postulated “fun- 
damental” color sensations. An infinity 
of such transformations is available for 
trial, and almost every serious adherent 
of the theory has proposed at least 
one new set of “fundamental sensation 
curves” (48, pp. 368-372). The search, 
however, continues, because serious de- 
fects have been found in every proposal 
made thus far. When the explanatory 
or predictive power of the theory in any 
given quantified form is tested it can- 
not handle more than a limited number 
of facts satisfactorily (11, p. 805). 
Moreover, some facts of color experi- 
ence seem unassimilable into the frame- 
work of the simple Young-Helmholtz 
theory with its three independent, funda- 
mental, process-sensation systems. How 
can this system of three independent 
processes be made to account, for ex- 
ample, for the apparent linkages that 
seem to occur between specific pairs of 
colors as either the stimulus conditions 
or the conditions of the human observer 
are varied? Why should the red and 
green hues in the spectrum predominate 
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at low stimulus levels, and the yellow 
and blue hue components increase con- 
comitantly as the spectrum is increased 
in luminance (43)? Why, as stimulus 
size is greatly decreased, should dis- 
crimination between yellow and blue 
hues become progressively worse than 
that between red and green (4, 10)? 
Why should the hues drop out in pairs 
in instances of congential color defect, 
or when the visual system is im~aired 
by disease (29, 31)? On the other 
hand, since the sensation of white is 
granted no special physiological process 
in this parsimonious theory, but occurs 
as the fusion product of three equally 
large fundamental hue sensations, how 
account for the large degree of inde- 
pendence of white and chromatic quali- 
ties when the adaptation of the visual 
system is varied (37, 41)? 

As more and more ad hoc hypotheses 
are added to the original Young-Helm- 
holtz formulation in order to answer 
these and other problems forced by the 
increasing accumulation of experimental 
data, we naturally find the formulation 
becoming less and less precise and quan- 
tifiable, and obviously less parsimonious. 
We also find, however, that exactly 
those phenomena that require modifica- 
tion and extension of the simple “three- 
color theory” remind us more and more 
of its chief theoretical rival, the Hering 
theory of three paired, opponent color 
processes. 

In view of this situation, it seems 
highly desirable that we take a close 
second look at Hering’s alternative ap- 
proach to an understanding of color 
phenomena. The vast accumulation of 
psychophysical data for which any ade- 
quate theoretical proposal must account 
requires that the basic postulates of the 
theory, as outlined qualitatively by Her- 
ing (13, 14), be restated in quantitative 
terms for such a critical scrutiny to be 
most meaningful. This paper will re- 
view our attempt to provide such a 
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quantitative restatement, and will sum- 
marize briefly some of the critical com- 
parisons between the theoretical de- 
ductions and relevant psychophysical 
data. (Detailed quantitative accounts 
are given in 21, 22, 23, 25, 26, 27.) 


Basic SCHEMA FOR THE 
HERING THEORY 


The Three Variables 


The Hering theory is like the Young- 
Helmholtz theory in that it, too, postu- 
lates three independent variables as the 
basis for color vision, but the Hering 
variables are three pairs of visual proc- 
esses directly associated with three pairs 
of unique sensory qualities. The two 
members of each pair are opponent, 
both in terms of the opposite nature of 
the assumed physiological processes and 
in terms of the mutually exclusive sen- 
sory qualities. These paired and op- 
ponent visual qualities are yellow-blue, 
red-green, and white-black. 

The basic schema for the opponent- 
colors mechanism is shown diagram- 
matically in Fig. 1. The three paired 
opponent response systems are labeled 
y-b, r-g, and w-bk. The convention of 
positive and negative signs is used to 
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Fic. 1. Basic schema for Hering opponent- 


colors mechanism. 
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indicate that each neural system is ca- 
pable of two modes of response that 
are physiologically opponent in nature, 
and that the paired sensory qualities 
correlated with these opposed modes of 
response are also mutually opponent or 
exclusive. That is, we may experience 
red-blues or green-blues but never yel- 
low-blues, and we see yellow-greens or 
blue-greens, but never red-greens, and 
so on. In the absence of any external 
visual stimulus, the state of the visual 
system is assumed to be a condition of 
active equilibrium, and this equilibrium 
condition is associated with the neutral, 
homeogeneous “gray” sensation per- 
ceived after a long stay in complete 
darkness. This sensation is quite dif- 
ferent from the black experience of the 
white-black opponent pair. Blackness 
arises neither by direct light stimulation 
nor in the simple absence of light, but 
rather by way of either simultaneous or 
successive contrast during, or following, 
light stimulation of some part of the 
retina. 


Properties of Paired Systems 


The three pairs of visual response 
processes are independent of each other; 
that is, they have different response 
thresholds, they follow different laws of 
increase with increase in strength of 
stimulation, and probably have different 
time constants. The achromatic system 
is the most sensitive; that is, the amount 
of photochemical absorption necessary 
to excite the achromatic white response 
is less than the amount of photochemi- 
cal activity required to stimulate either 
the y-b or r-g chromatic pairs. This 
characteristic accounts for the existence 
of the so-called achromatic interval, i.e., 
the fact that spectral lines appear achro- 
matic at the absolute threshold for visi- 
bility (42, p. 167). Similarly, the red- 
green system has a lower threshold than 
the yellow-blue one. The failure of the 
yellow-blue system to respond at near- 


Leo M. Hurvicnw AND DoroTHEA JAMESON 


threshold levels that are sufficient to 
activate the red-green system exhibits 
itself in the facts of so-called “small 
field dichromasy,” in which the eye be- 
haves, with respect to stimuli that are 
very small in area as well as of low in- 
tensity, in a manner similar to the con- 
genital tritanope, i.e., a specific type of 
“color blind” individual for whom yel- 
low and blue discriminations are im- 
possible and the only hues seen are reds 
and greens (4, 49). 

With increase in level of stimulation 
the different paired systems also show 
differences in rate of response increase, 
such that the achromatic response in- 
crease is probably the most rapid of the 
three, with the result that at very high 
intensities all spectral stimuli show a 
strong whitening, or desaturation, rela- 
tive to their appearance at some inter- 
mediate luminance level (42, p. 168). 
Of the two chromatic pairs, the yel- 
low-blue system, although exhibiting a 
higher threshold, shows a more rapid 
rate of increase in response with increase 
in luminance than does the red-green 
system. Thus, the mixed hues of the 
spectrum—the violets, blue-greens, yel- 
low-greens, and the oranges—all vary 
systematically with increase in spectral 
luminance, and all show a tendency to 
be more blue or yellow, respectively, at 
high luminances, and more red or green 
at the lower luminance levels (the 
Bezold-Briicke hue shift phenomenon). 

The opponent systems show a tend- 
ency toward restoring the balanced equi- 
librium condition associated with the 
neutral “gray” sensation. Thus excita- 
tion, say, of the r process in the r-g 
system results in a decrease with time 
in r responsiveness, and in an increase 
in the responsiveness of the opponent 
g process. If we think of the r process 
as perhaps associated with the building 
up of an electrical potential in the 
neural system, and of the g process as 
associated with the collapse of the po- 
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tential during impulse firing, then it is 
easy to see that as the neural potential 
is increased to higher values there will 
be a tendency to resist further build up, 
and also an increased disposition of the 
tissue toward impulse firing in order to 
restore the potential to its normal equi- 
librium value. Although we are not at 
all ready to ascribe a specific neural 
correlate of this sort to the postulated 
opponent processes at this time, the 
neurophysiological parallels are useful 
for conceptualizing the opponent-proc- 
ess notion as a real biological phenome- 
non. 

To return to our example, if the re- 
sponsiveness of the opponent g process 
tends to increase as r excitation is con- 
tinued, then when the 7 stimulus is re- 
moved we can expect g activity to be 
released, strongly at first, then more 
slowly, and ultimately fading out as 
equilibrium is again approached. The 
sensory correlate of this reversal of op- 
ponent activities with removal of stimu- 
lation is, of course, the familiar phe- 
nomenon of the complementary after- 
image. If the stimulus (of constant 
magnitude) is not removed but con- 
tinues to act for a considerable length 
of time, then the r process, whose re- 
sponsiveness is being continuously de- 
creased, will eventually cease to respond 
further, and a new equilibrium state 
will be reached. The disappearance of 
a sensory response with continued con- 
stant stimulation can be observed either 
by the Ganzfeld technique, in which the 
whole retina is uniformly illuminated by 
diffuse light (18), or by the “painted 
image” technique, in which optical 
means are used to fix a well defined 
image on the retina in such a way that 
its retinal position remains constant and 
independent of eye movements (39). 
By either method the eventual result 
of continued steady stimulation is a 
disappearance of the visual experience: 
the light seems to have gone out in the 
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Ganzfeld situation, or, in the fixed- 
image situation, the perceived object 
simply fades out of view. 

Not only are the visual responses 
modified by changes in time in the ex- 
citabilities of the opponent processes, 
but they are also importantly affected 
by spatial interaction among the vari- 
ous elements of the visual field. Within 
certain limits there is evidence of sum- 
mation of similar kinds of activity in 
adjacent elements, as in threshold re- 
sponses for small stimulus areas (5, pp. 
846-852). But perhaps more impor- 
tant for the over-all functioning of the 
visual system are the antagonistic in- 
teractions, such that r activity in one 
area induces g activity in adjacent areas, 
and similarly for the yellow-blue and 
white-black paired response systems. 
These opponent spatial induction effects 
are evident in all the familiar color and 
brightness contrast phenomena (35, pp. 
138-142). They are probably also pri- 
marily responsible for the great visual- 
image clarity that characterizes vision 
in spite of the fact that the optical sys- 
tem of the eye is obviously imperfect, 
and that consequently the light image 
formed on the retinal surface lacks 
sharply defined boundaries (17, pp. 
151-159). The spatial interaction caus- 
ing intensification of opponent qualities 
at adjacent surfaces would seem an 
ideal crispening device to sharpen up 
the initially blurred retinal image. 


Photochemical Postulates 


In addition to the various temporal 
and spatial induction effects, which are 


assumed to be based in the neural 
visual-response tissue, visual adaptation 
probably also involves changes in the 
photochemical activities that initiate 
the neural responses, since a certain 
amount of photochemical bleaching is 
expected to occur with continued ex- 
posure of the photosensitive materials 
to a retinal light stimulus. In order 
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Fic. 2. Schematic diagram showing rela- 
tions between photosensitive materials a, B, 


and y and neural opponent response processes 
y-b, r-g, and w-bk. 


for the three paired opponent-response 
systems to be selectively stirulated, 
there must, of course, be more than one 
substance available for photochemical 
mediation between the incident light 
and the neural excitation. Whatever 
the specific nature of the photosensitive 
materials, they must form a link in the 
system of three independent variables, 


and hence we have postulated three 
independent photosensitive materials, 
which we may call a, 8 and y. 

Our schematic model now takes the 
form shown in Fig. 2A or 2B. The 
three independent photosensitive mate- 
rials may be contained in discrete reti- 
nal units with complex interconnections 
to the neural response systems, as shown 
in Fig. 2A, or two or more of these 
materials may be combined in receptor 
units having simpler connections to the 
neural response systems, as diagrammed 
in Fig. 2B. There is no way of dif- 
ferentiating these models in terms of 
visual behavior; and however the three 
photochemicals may be segregated or 
combined in the retina, and whatever 
the number of different photoreceptor 
units, there remain only three independ- 
ent photosensitive materials, and the 
theory remains a three-variable, op- 
ponent-colors schema. 


QUANTIFICATION OF OPPONENTS 
THEORY 


Since our aim is to present this 
schema in quantitative terms, one of 
the first questions that has to be asked 
is this: Is it possible to obtain by psy- 
chophysical experiment direct measure- 
ments of the spectral distributions of 
the three basic response variables of 
the Hering theory? 


Measures of Achromatic and Chromatic 
Responses 


It can fairly be assumed that the 
achromatic, white response is closely 
connected with the distribution of the 
brightness quality throughout the visible 
spectrum, and Fig. 3 therefore shows 
two functions (which we have measured 
by a threshold technique) that give the 
whiteness distribution of an equal en- 
ergy spectrum for two observers (20). 
The induced rather than directly stimu- 
lated black component of the achro- 
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Fic. 3. Whiteness distribution of an equal en- 
ergy spectrum for two observers. 


matic white-black response pair has this 
same distribution, but of opposite sign, 
since the strength of the black contrast 


response is directly related to the mag- 


nitude of either the surrounding or the 
preceding whiteness or brightness. 

A method for determining the spectral 
distributions of the paired chromatic re- 
sponses is implicit in the opponents the- 
ory itself. Since the two members of 
each hue pair are mutually opponent or 
exclusive, then a yellow response of 
given strength should be exactly can- 
celed by a stimulus that, taken alone, 
elicits the same magnitude of blue re- 
sponse, and a similar relation should 
hold between red and green responses. 
Thus a null method, based on the an- 
tagonism of the two members of each 
hue pair, can be used to measure the 
spectral distributions of the chromatic 
responses. In brief, a wave length is 
first selected that evokes, say, a blue hue 
response. The observer then views, in 
turn, a series of spectral wave lengths 
that appear yellowish in hue (yellow- 
greens, yellow, and yellow-reds). To 
each of these yellow stimuli just enough 
of the previously selected blue stimulus 
is then added exactly to cancel the yel- 
low hue without introducing any blue- 
ness. The observer simply reports when 
the test field appears neither yellow nor 
blue; the hue remainder that he sees 
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may be green, neutral, or red, depend- 
ing on the test wave length. Knowing 
the energies of the series of spectral 
yellow stimuli, and having determined 
experimentally the energy of the blue 
stimulus of fixed wave length that is re- 
quired for the hue cancellation in each 
case, we can now plot the distribution 
of the relative magnitudes of yellow hue 
response evoked by the various test 
wave lengths. The procedure is simply 
reversed to obtain the distribution of 
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Fic. 4A and 4B. Chromatic and achromatic 
response functions for equal energy spectrum 
for two observers. 
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the blue component of the yellow-blue 
pair; that is, varying amounts of a fixed 
wave length of yellow hue are used to 
cancel the blue hue quality of a series 
of “blue” test wave lengths. By using 
a red stimulus of fixed wave length and 
variable energy to cancel the greens, 
and a green stimulus to cancel the reds, 
the spectral distribution of the red- 
green pair of chromatic responses is 
similarly determined. 

Two sets of paired chromatic response 
vs. wave length functions that were 
measured in this way (25), together 
with the achromatic spectral functions 
shown in Fig. 3, are plotted in Fig. 4 
for an equal energy spectrum. The op- 
ponent members of each hue pair have 
been given arbitrary positive and nega- 
tive designations, to correspond with 
their opponent characteristics. Thus 
the positive values of the red-green 
function indicate redness, and the nega- 
tive values greenness. Similarly, the 
positive values of the yellow-blue func- 
tion indicate yellowness, and the nega- 
tive values blueness. ' 

These are the psychophysical func- 
tions that represent the spectral dis- 
tributions of the three independent 
variables of the Hering opponent-colors 
theory for these two observers. They 
are assumed to be directly correlated 
with the response activity of the visual 
nervous tissue (retina, optic nerve, and 
visual centers), and should not be taken 
as photochemical absorption spectra, 
about which these data tell us nothing. 


Brightness, Hue, and Saturation 


The psychophysical opponent-response 
functions shown in Fig. 4 provide a di- 
rect description of the appearance of 
the spectrum, for these observers, for a 
neutral condition of bright adaptation 
and at the moderate level of luminance 
for which the functions were obtained. 
Thus, all wave lengths evoke some 
whiteness as well as hue; the whiteness 
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and brightness of an equal energy spec- 
trum is relatively small at the two spec- 
tral extremes and relatively high at the 
intermediate wave lengths. 

The short wave lengths appear as 
red-blue hues (violets); there is a nar- 
row band of pure or unique blue where 
the red-green function is equal to zero; 
then come the blue-greens, followed by 
a narrow band of unique green at the 
wave length where the yellow-blue func- 
tion is equal to zero; this is followed 
by the yellow-greens, and then pure 
yellow occurs at the second intersection 
of the red-green function with the zero 
ordinate value; and finally the yellow- 
red hues appear in the long wave length 
region (19). A quantitative expression 
for hue, a “hue coefficient,” can be ob- 
tained by taking the value of one of 
the chromatic responses, say, the yellow 
value at 550 my, relative to the total of 
all chromatic responses at that wave 
length, in this case, yellow plus green. 

The saturation of the color depends 
on the relative amounts of chromatic 
and achromatic responses. At the two 
spectral extremes where the chromatic 
responses are large relative to the white 
response, the spectral saturation is high. 
Where the reverse is true, spectral satu- 
ration is low. This can be expressed 
quantitatively in the form of a “satura- 
tion coefficient.” To use the same ex- 
ample, the total of the yellow-plus-green 
values relative to the white plus yellow 
plus green is relatively low at 550 mp, 
and this wave length appears much less 
saturated than does, say, either 440 mu 
or 670 mz. 


Color Mixture 


Since color-mixture experiments sim- 
ply involve matching the three per- 
ceived qualities evoked by one stimulus 
by the proper mixture of three other 
stimuli, it is possible to determine the 
color-mixture relations that are inher- 
ent in the response curves of Fig. 4 for 
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any three arbitrarily selected mixture 
primaries. That is, the red-green value, 
the yellow-blue value and the white 
value of the total visual response to any 
wave length of unit energy are matched 
by the totals of the three corresponding 
values for the three mixture primaries 
when the latter stimuli are combined in 
the proper ratios. On paper, the color 
equations for most spectral matches re- 
quire the admission of negative values 
for one of the mixture primaries. In 
actual color-mixture experiments, these 
negative values are realized by remov- 
ing one of the mixture primaries from 
the matching field and adding it to the 
test stimulus. 

To calculate, for example, the amounts 
of energy required for a color match to 
a given wave length A by the mixture of 
the spectral primaries 460 mp, 530 mp 
and 650 mp, let a = the energy at 460 
my, 5 = the energy at 530 mp, and c = 
the energy at 650 mp. The three equa- 
tions to be solved for these three un- 
knowns a, 4, and c are then: 


a(r460) + b( 7590) + c( reso) m= f) 
a(yu0) + b(y530) + c(ye50) = Yr 
a(wao) + b(wess0) + c(weso) = wr 


The values. for r (or for —r when the re- 
sponse function is negative, indicating 
that the hue is green rather than red), 
for y (or for —y when the response is 
blue rather than yellow), and for w are 
then read from the response functions for 
unit energy for each wave length in ques- 
tion. (See Fig. 4.) The values ry, ya 
and w, represent the unit energy response 
values for any spectral wave length for 
which a color-mixture equation is to be 
calculated. Solving this set of three 
equations for the three unknowns 4a, 3}, 
and c, we then have a color-mixture equa- 
tion of the form 


Aso + 530 + Coso = 1, 


This equation, which is expressed in en- 
ergy units, may be converted to photo- 
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Fic. 5. Calculated color mixture functions 
for observers H and J and experimental color 
mixture functions for observers T and W (24, 
47). 


metric units in the usual way by multi- 
plying each energy value by the relative 
luminosity (given by the achromatic 
response function) at the given wave 
length. 

Color-mixture relations calculated in 
this manner for wave lengths A from 
420 my» through 700 my» from smoothed 
visual response data for two observers 
are shown in Fig. 5. The two addi- 
tional sets of color-mixture functions 
(for the same three mixture primaries) 
that are shown for comparison in the 
figure are the results of actual color- 
mixture experiments by W. D. Wright 
and L. C. Thomson (24, 47). 

Since the relations between the meas- 
ured response functions and the color- 
mixture data are, as we have just seen, 
known for two individual observers, it 
is now also possible (by assuming 
specific spectral loci for the unique 
hues) to reverse the procedure and 
derive opponent-response functions from 
the color-mixture data for Wright and 
Thomson, or for any other observer 
whose color-mixture data are available. 
Since it seems preferable to develop a 
general theoretical model on the basis 
of a representative average, rather than 
a small number of individual observers, 
we have used for the model chromatic 
and achromatic response functions de- 
rived from the average color-mixture 
data for the CIE international standard 
observer (30). These derived functions 
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are shown in Fig. 6. (The details of 
the derivation are given in 22.) They 
are, of course, smoother and more regu- 
lar than the individual, measured func- 
tions, but in other respects they are 
quite similar (compare Fig. 4). 


Photochemical Distributions 


The specific set of a, 8, and y photo- 
sensitive absorption functions that have 
been assumed for the theoretical model 
are shown in Fig. 7. These curves have 
not been measured, and they have the 
particular forms shown and the high de- 
gree of overlap exhibited because of the 
specific interrelations that we have pos- 
tulated a priori between the photo- 
chemical events and the neural re- 
sponse activities of the visual opponent 
mechanisms. Once the photopigments 
actually present in the human retina 
have been identified by the biochemists, 
the visual theorist will have no need to 
make such a priori postulates, and the 


specific interrelations required between 
the identified photosensitive materials 
and the neural processes underlying the 
color responses can easily be deduced. 
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Fic. 6. Theoretical chromatic and achro- 
matic response functions for equal energy spec- 
trum for CIE average observer. 
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Fic. 7. Spectral distribution curves for as- 


sumed photosensitive materials. 


As matters now stand, however, the 
functions shown in Fig. 7 meet the 
basic demands of the known facts, and 
any changes in these theoretical absorp- 
tion functions that will no doubt be re- 
quired by results of photochemical re- 
searches will not importantly affect any 
of the basic postulates of the theoretical 
model. The broadness and similarity of 
shape of all three selective functions 
that we have assumed are characteristic 
of all visual pigments so far identified 
in a variety of animal species (2). 
These assumed photopigment distribu- 
tions do not enter into the consideration 
of color phenomena, in normal vision, 
until we come to an examination of 
some of the phenomena of chromatic 
adaptation in which selective photo- 
chemical bleaching seems to act as one 
of the important determinants. The 
other determinants are, of course, the 
spatial and temporal induction effects 
in the neural opponent response proc- 
esses that have been mentioned earlier. 


Dependence of Hue and Saturation on 
Both Wave Length and Luminance 


What are the visual phenomena for 
which the model can account? As we 
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have already indicated, the measured 
chromatic and achromatic response func- 
tions provide a direct and quantifiable 
description of the color sensations evoked 
by any stimulus of specified wave-length 
composition (23). The achromatic, 
white function is taken as a direct ex- 
pression of spectral brightness. Spectral 
hue, which is determined by the chro- 
matic responses evoked by each wave 
length, can also be expressed quantita- 
tively as a coefficient value relating the 
magnitude of response of one chromatic 
system to the total of all chromatic re- 
sponses at that wave length. An exam- 
ple of such a hue coefficient function for 
a moderate level of luminance is shown 
in Fig. 8. It is clear, from the varying 


rate of change in the hue coefficient 
function from one region of the spec- 
trum to the next, that an observer’s 
ability to discriminate among neighbor- 
ing wave lengths on the basis of hue 
changes alone will also differ for the 


different regions of the spectrum. This 
discriminative capacity is obviously also 
quantifiable in terms of the amount of 
wave-length change required to elicit a 
threshold change of fixed amount in the 
value of the hue coefficient. With 
change in the luminance at which the 
spectrum is presented, these coefficient 
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functions will be altered, in the sense 
that the yellow-blue values will increase 
at the higher luminances, and will be 
diminished at the lower luminances. 
This is so because, in accordance with 
the different energy-vs.-response func- 
tion postulated for the yellow-blue sys- 
tem as compared with the red-green 
one, as the excitation level is increased, 
the yellow and blue spectral responses 
will be uniformly magnified relative to 
the red and green ones at the higher 
levels, and uniformly diminished at the 
lower levels. Although the exact dif- 
ferential between the two paired sys- 
tems is not known, under certain cir- 
cumstances an over-all difference in re- 
sponse magnitudes of approximately 20 
per cent seems to occur for a log unit 
change in luminance. Thus, at some 
wave length for which, say, the red and 
yellow responses are equal at a lumi- 
nance of 10 mL, the yellow will be 
about 20% greater than the red at 100 
mL, and about 20% less at a luminance 
of only 1 mL. If we assume this 20% 
differential between y-b and r-g re- 
sponse magnitudes per log unit of lumi- 
nance change as a reasonable value, and 
compute the spectral hue coefficients for 
a range of approximately three log units 
of luminance variation, then we can 
specify the amount of hue shift associ- 
ated with a change in intensity of any 
wave length. Conversely, we can also 
specify the wave length changes neces- 
sary to maintain a constant hue sensa- 
tion (constant hue coefficient value) as 
the luminance is increased or decreased. 
The latter procedure has been used to 
obtain the functions shown in Fig. 9, 
and the curves in the upper part of the 
figure are functions measured by Purdy 
in an actual experiment of this sort 
(38). 

These hue phenomena do not involve 
the achromatic response pair at all, and 
depend only on the two paired chro- 
matic response systems. Whatever the 
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chromatic response to a given stimulus, 
the perceived color saturation clearly 
will also depend on the extent to which 
the white system is simultaneously re- 
sponding. For any given amount of 
chromatic response, the color will obvi- 
ously appear less saturated if there is a 
large magnitude of white response to 
dilute the color, and more saturated if 
the white component of the total re- 
sponse is relatively small. The per- 
ceived saturation of the spectrum is 
also expressed as a quantitative coeffi- 
cient function. (See Fig. 10.) Here 
the value taken as the saturation coeffi- 
cient is the ratio of the total chromatic 
to the chromatic-plus-white responses at 
each wave length. The relatively high 
values at the spectral extremes and the 
minimal value in the pure yellow region 
are perfectly consistent both with quali- 
tative reports and with the experimental 
data on this problem (e.g., 28). Again, 
as in the hue functions, the rate of 
change of the saturation coefficient from 
one spectral region to the next is in- 
dicative of a varying discriminative ca- 
pacity with respect to wave length; 
and, again, the form of the function as 
shown applies to a moderate luminance 
level and varies in a determinable man- 
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Fic. 9. Constant hue contours as measured by 
Purdy (38) and as predicted by theory. 
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Fic. 10. Spectral saturation coefficients 
Moderate luminance. 


ner with change in the level of excita- 
tion in accordance with the different 
energy-vs.-response rates of the three 
independent response systems. 

In view of the variations in the hue 
and saturation functions with change in 
luminance, we should expect that dis- 
crimination functions that depend on 
changes in these two color attributes, 
such as discrimination of one wave 
length from the next in an equal bright- 
ness spectrum, would also reflect such 
a dependence on luminance. Figure 11 
shows, in the upper half, a set of wave- 
length discrimination functions obtained 
at two luminance levels by Weale (45). 


EXPERIMENTAL 
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Fic. 11. Wave-length discrimination func- 
tions for two luminance levels as measured by 
Weale (45) and as predicted by theory. 
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The higher values of difference threshold 
obtained at the low luminance level may 
be explained by a general reduction of 
discriminative capacity in dim light. 
The shift of the midspectral maximum 
toward lower wave lengths, and the 
relatively greater heightening of the 
minimum in the yellow region, cannot, 
however, be attributed to such a gen- 
eralized reduction in discriminatory ca- 
pacity. The selectively greater loss in 
yellow and blue responses at the low- 
luminance level that is one of the pos- 
tulates of our model does, however, ac- 
count for changes of exactly this sort in 
the form of the function. This is shown 
by the two theoretical functions com- 
puted from pairs of spectral hue and 
saturation functions that are associated 
with the two specified luminance levels. 
Since brightness is kept constant in such 
experiments, only the hue and satura- 
tion variables need be considered in our 
analysis of these functions (22). 


Chromatic Adaptation 


The phenomena that we have treated 
thus far all refer to the individual with 
normal color vision in a neutral state of 
adaptation. What of his color percep- 
tion after the visual system has been 
exposed for some time to a strongly 
colored illuminant? For analytical pur- 
poses, the simplest situation of this sort 
is the one in which the eye has been 
exposed to a large surround field of 
given color and luminance, and the test 
stimuli are viewed at the same level of 
luminance as the surround. Under these 
circumstances, the three photochemical 
receptor substances will probably have 
undergone some selective bleaching, and 
because of the similar brightness of the 
surround and test fields, spatial induc- 
tion effects in the neural response proc- 
esses will probably be fairly constant. 
To simplify the treatment for these par- 
ticular conditions, therefore, we may 
ignore the constant neural inductions 
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and consider the photosensitive changes 
as exercising a controlling influence on 
the response systems. 

We know that under these circum- 
stances the color-mixture data do not 
change. That is, with uniform chro- 
matic adaptation, any change in the 
perceived color of one side of a bipartite 
color-mixture field will also occur on 
the other side, and to exactly the same 
extent. Thus a color equation that has 
been made with the eye adapted to a 
neutral white light will also be a valid 
equation when the eye is adapted to a 
colored illuminant (15). These impor- 
tant constancies of color equations mean 
that whatever photochemical changes 
occur with adaptation must occur in a 
very specific way. That is, the spectral 
distribution functions representing the 
three selective photochemicals may be 
selectively multiplied or reduced by a 
constant factor, but no one of them can 
change its form (44, pp. 211-212). In 
other words, any single substance can- 
not lose a greater percentage of its ab- 
sorption at one wave length than it loses 
at another wave length. Thus, exposure 
to a colored light can cause any one of 
the postulated photochemical functions 
shown in Fig. 7 to be multiplied or di- 
vided by a constant amount, but this is 
the only alteration in the photosensitive 
functions that is consistent with the fact 
that color equations are invariant with 
chromatic adaptation. 

The extent to which the three sub- 
stances are selectively attenuated as a 
result of exposure to colored light is 
clearly controlled by the light stimulus 
itself. That substance which initially 
absorbs most of the adapting light will 
suffer the greatest relative bleaching, 
and the substance which absorbs rela- 
tively little of the adapting light will 
be relatively little affected by it. Thus, 
by determining their relative absorp- 
tions of the adapting light, we can com- 
pute the relative changes in the heights 
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of the photosensitive distribution func- 
tions for the three photopigments that 
we have postulated. Since the excita- 
tions of the opponent response systems 
depend on these photochemical light 
absorptions (see Fig. 2), we can now 
also determine the forms and magni- 
tudes of the chromatic and achromatic 
response functions for the new condi- 
tion of adaptation. In spite of the 
close overlap of the photosensitive func- 
tions that we have postulated, the 
“adapted” chromatic response functions 
determined in this way change in strik- 
ing fashion relative to the functions for 
the neutral adaptation condition. The 
achromatic function changes too, but 
relatively very little. These theoreti- 
cally computed adaptation changes are 
consistent with the kinds of change 
known to occur in situations of this 
sort. If the eye that has been adapted 
to white light is exposed for some time 
to a saturated red equal in brightness 


to the white, the normally red end of 
the spectrum does not become exces- 
sively dark, but the amount of redness 
seen is strongly reduced, and the greens 
become greatly supersaturated (3, pp. 


133-137). Also, the wave length that 
formerly appeared pure yellow is now 
strongly greenish, and this is also true 
for the wave length that formerly ap- 
peared pure blue. These changes can 
be determined from the functions shown 
in Fig. 12 that have been computed for 
a given red adaptation, in comparison 
with the functions for the neutral state 
that were given in Fig. 6. 

From this new set of “adapted” op- 
ponent response functions the hue and 
saturation coefficients and the discrimi- 
nation data for this new state can also 
now be determined (26). 

These “adapted” response functions 
are specified, as we said above, for 
a circumscribed set of conditions for 
which the photochemical adaptation 
changes could be taken as primary. As 
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response functions for red adaptation as pre- 
dicted by theory. 


soon as the relative luminance condi- 
tions are altered, however, then the 
neural inductions enter importantly into 
the complex picture. For example, if 
a test stimulus seen within a strongly 
colored (say, red) surround looks neu- 
tral when its luminance is the same as 
that of the surround, then it will prob- 
ably appear somewhat reddish at a 
higher luminance, and the complemen- 
tary green at a lower luminance (12). 
(The test stimulus is assumed also to 
be of predominantly long wave length 
composition.) In terms of opponent in- 
ductions this phenomenon is readily un- 
derstood. If the red process excited by 
the red surround induces an opponent 
green process in the test area, then at 
an intermediate luminance this green 
induction is just strong enough to cancel 
the red-process activity aroused by the 
test stimulus itself. When the test 
stimulus is made brighter and the red 
response to it increases, the unchanged 
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green induction from the surround be- 
comes inadequate to cancel completely 
the increased red response to the stronger 
test stimulus, and the red test hue is 
now seen. At a much lower luminance 
of test stimulus, the red process is ac- 
tivated to a much lesser extent, and 
the green induction from the surround, 
which is still unchanged in strength, is 
now sufficient te impart a green hue to 
the perceived test area. These ‘phe- 
nomena are not only consistent with the 
opponent induction postulate, but they 
also make it clear why attempts to treat 
the problem of chromatic adaptation ex- 
clusively as a matter of photochemi- 
cal bleaching are foredoomed to failure 
(e.g., 1, 33). 


Color Anomalies and Color Blindness 


When we come to consider individu- 
als who do not have normal color vision 
we find that their color vision can de- 
part from the normal in two general 
ways. 


Their color perceptions may be 
distorted relative to the normal, or they 
may exhibit specific color weaknesses or 
losses. Also, they may show both types 
of these deviant characteristics at the 


same time. By distorted color percep- 
tions we mean, for example, the percep- 
tions of the particular type of anomalous 
individual who has the following char- 
acteristics: he sees a distinct orange in 
the spectral region described normally 
as pure yellow or nearly so; he needs 
three stimuli for color mixture; he 
makes color matches with high pre- 
cision but uses quite different propor- 
tions of the mixture stimuli than does 
the normal observer. An individual of 
this type does not seem to have lost 
any of the efficiency of his neural visual 
response processes, and it seems reason- 
able to assume that his color distortions 
have their basis in the photochemical 
complex responsible for selective light 
absorption. 

The particular assumptions that we 
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have made concerning the kinds of de- 
viation that the photosensitive mate- 
rials may exhibit stem from a generali- 
zation made by Dartnall (2), on the 
basis of his researches concerned with 
the identification of visual photopig- 
ments in a variety of lower organisms. 
Dartnail has found that when the ab- 
sorption curves of the various visual 
pigments are plotted as a function of 
the vibration frequency of the incident 
light (the reciprocal of the more usual 
wave-length specification), all the ab- 
sorption curves have very nearly the 
same shape, and they can be made to 
coincide simply by shifting the curves 
so that they all reach an absorption 
maximum at the same frequency. In 
other words, a single template repre- 
senting amount of absorption as ordi- 
nate, against frequency of radiant en- 
ergy as abscissa, can be used to fit the 
absorption function of any visual pig- 
ment, whatever the locus of its absorp- 
tion maximum. It seems reasonable to 
expect that this same generalization will 
apply to the photosensitive distributions 
of anomalous individuals with respect 
to the population of observers with nor- 
mal color responses. We have conse- 
quently assumed that, in congenital ab- 
normalities of the visual system, the nor- 
mal photopigments can undergo changes 
that result in a uniform shift of the 
entire set of photosensitive distribution 
functions as a group along the fre- 
quency scale. These shifts are assumed 
to occur in either of two directions: to- 
ward higher frequencies (shorter wave 
lengths) resulting in the type of anoma- 
lous color vision identified as prota- 
nomaly, or toward lower frequencies 


‘(longer wave lengths) relative to the 


normal absorption loci, resulting in the 
second major type of anomalous color 
vision known as deuteranomaly. The 
amount of these displacements may also 
vary in different degrees of congenital 
anomaly. 
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Since the absorption of light by the 
photosensitive materials provides the 
stimulus for the neural chromatic and 
achromatic response systems, the visual 
response functions thus controlled by 
the deviant photosensitive materials will 
necessarily be altered, too, and in a sys- 
tematic manner. Examples of theoreti- 
cally derived anomalous response func- 
tions based on these assumptions are 
given in Fig. 13. The set of functions 


in the center block are those for the ob- 
server with normal photosensitive ma- 
terials; those in the upper block are for 
a protanomalous type whose visual pig- 
ment absorptions. are assumed to be 
shifted toward the shorter wave lengths 
by an amount equal to about 15 mp 
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Fic. 13. Theoretical chromatic and achro- 
matic response functions for equal energy 
spectrum. For observers with protanomalous, 
normal, and deuteranomalous photoreceptor 
systems and with normal strength visual re- 
sponse processes. 
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from the normal peak of about 550 mz. 
This type of individual will have a 
luminosity function (described by the 
achromatic, white response function) 
that peaks at a shorter wave length 
than the normal and will show consid- 
erable loss of luminosity at the red end 
of the spectrum (48, Ch. 25). The 
spectral hues will also be altered, with 
a distinctly reddish yellow occurring 
where the normal individual sees a 
unique or pure yellow, whereas the 
protanomalous observer’s pure yellow 
occurs at a wave length described by 
the normal as quite greenish. In making 
color matches, such as a match between 
589 my» on one side of a bipartite field 
and a mixture of 530 my» and 670 mp 
on the other, this observer will require 
a much greater proportion of 670 my» in 
the mixture than will the average ob- 
server with normal color vision (27, 46). 
This particular match, the Rayleigh 
equation, is the earliest and best known 
diagnostic test for anomalous color vi- 
sion. In this same test, the anomalous 
individual whose response functions are 
shown in the lower block in Fig. 13 will 
deviate from the normal in the opposite 
way; that is, he will require a much 
greater proportion of 530 my in the 
mixture for the Rayleigh equation (46). 
This type of anomalous individual (deu- 
teranomalous) is assumed to have pho- 
topigment absorptions that are shifted 
toward the longer wave lengths, and he 
will see greenish-yellows where the nor- 
mal sees yellow, yellows where the nor- 
mal sees orange, etc. Since the neural 
response processes of both types of 
anomalies of this sort are assumed to 
be operating at the normal efficiency, 
these individuals will show high pre- 
cision in making their distorted color 
matches, and their discriminatory ca- 
pacities will also be good. As a matter 
of fact, anomalous individuals of this 
sort have understandably high confi- 
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Fic. 14. Theoretical chromatic and achro- 
matic response functions for equal energy 
spectrum. For observers with protanomalous, 
normal, and deuteranomalous photoreceptor 
systems, and with impaired red-green response 
processes. 


dence in their own color capability, and 
they are extremely resistant toward ac- 
cepting the results of diagnostic tests 
which indicate that their visual capaci- 
ties are deviant from (with the impli- 
cation of “inferior to”) those of the 
normal population (36, pp. 235-238). 
Not all anomalous individuals are as 
fortunate as the types shown in Fig. 13, 
however. Many give evidence of real 
color weakness, in addition to distor- 
tions of the kinds already discussed 
(40). These color-weak individuals 
seem to have been deprived of some 
of the efficiency of the neural response 
processes, particularly of the red-green 
opponent pair, and their systems may 
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be represented in terms of the theory 
by the kinds of response functions given 
as examples in Fig. 14. The visual pig- 
ments of these three types of individuals 
are taken to be the same as those shown 
in the preceding figure, respectively, but 
the red-green paired system is reduced 
to one-tenth of the normal strength. 
Such observers have real losses in color 
discrimination in addition to possible 
color distortions, and their color matches 
are imprecise as well as deviant. Indi- 
viduals with congenitally abnormal color 
systems are frequently of this general 
type, and cases of acquired color blind- 
ness caused by degenerative disease in- 
variably show this kind of color weak- 
ness at some stage in the development 
of the neural disorder (31). 

When the weaknesses become extreme, 
whether in congenital or acquired dis- 
orders, the red-green system seems to 
be entirely lost to normal function, and 
a condition of dichromasy, or so-called 
“color-blindness,” results. That is, the 
visual system becomes a _ two-variable 
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Fic. 15. Theoretical chromatic and achro- 
matic response functions for equal energy 
spectrum. For observers with nonfunctioning 
red-green response processes. 





400 


one, as shown in Fig. 15. Here the 
yellow-blue and the white-black neural 
systems remain intact and functioning, 
but there is no red-green response func- 
tion. If the red-green loss occurs with- 
out changes in the visual pigments, the 
remaining yellow-blue and white-black 
response functions are like those of the 
normal individual; but, since there is 
no red-green system, the spectrum is 
divided into only two hue sections 
for these individuals. The short wave 
lengths which normally vary from violet 
through blue and blue-green to pure 
green all appear as blue, but of varying 
saturations, with a neutral region where 
the normal pure green occurs. Beyond 
this wave length the remainder of the 
spectrum appears yellow, in varying 
saturations, out to the extreme long- 
wave limit of visibility. The luminosity 
function is the same as for the observer 
with normal color vision. Individuals 


who fit this response pattern would be 


classified as deuteranopes (29). If the 
visual pigments are altered, so as to 
produce an absorption shift toward the 
short wave lengths in addition to the 
complete red-green neural loss, then the 
spectrum is again divided into a short- 
wave blue and a long-wave yellow sec- 
tion, but the neutral region that divides 
the spectrum into the two major hues 
occurs at a shorter wave length than for 
the deuteranopes. The luminosity func- 
tion is also displaced in this type of 
dichromasy, as it is for the anomalous 
individuals with similar photopigment 
changes, and the type of “color-blind” 
vision associated with this pattern is 
called protanopia (29). 

These two theoretically assumed kinds 
of deviation from the normal system— 
i.e., photopigment changes and neural 
losses or weaknesses of the paired red- 
green response system—permit us to 
assemble a systematic picture of the 
many various manifestations of abnor- 
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mal red-green vision that defy under- 
standing in terms of any model of the 
visual system that assumes a one-to- 
one correspondence between light ab- 
sorption in the retinal receptors and 
the resulting color sensations (22, 27). 

Defects or losses may also occur in 
the yellow-blue neural response system, 
although such defects seem to be much 
more rare than the red-green defects. 
Again, these yellow-blue neural losses 
may take place either with or without 
changes in the photosensitive materials 
in the retina. Examples of the remain- 
ing red-green and white-black response 
functions in two types of yellow-blue 
blindness are given in Fig. 16. In each 
type of this disorder, the yellow-blue 
neural response function is missing, and 
the total gamut. of colors for these in- 
dividuals includes only neutral and reds 
and gregns of various saturations. If 
there is no simultaneous photopigment 
disorder, there are two neutral points in 
the spectrum, one in the region where 
the normal sees a pure yellow, and an- 
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Fic. 16. Theoretical chromatic and achro- 
matic response functions for equal energy 
spectrum. For observers with nonfunctioning 
yellow-blue response processes. 
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other in the region where the normal 
sees a pure blue. Yellow-blue blindness 
of this sort is called tetartanopia, and 
only a few cases of it have been re- 
ported in the literature (e.g., 34, pp. 
68-92). Slightly more common is the 
second type of yellow-blue blindness, 
known as ¢tritanopia (49), in which not 
only the neural yellow-blue system is 
lost, but also the short-wave photopig- 
ment seems to be missing. Observers 
of this type have a neutral point in 
the normally yellow-green region of the 
spectrum, but there is no second neu- 
tral point, and the green hues extend 
into the short-wave region that appears 
violet to the person with normal color 
vision. 

For all these types of deviant color 
vision, calculation from the theoretical 
spectral response functions of discrimi- 
nation curves, color mixture equations, 
and other psychophysical relations are 
in good agreement with the experimental 
data that are available for the various 
kinds of defective color systems (22, 
27). 


Opponents-Theory and Neurophysiology 


The conceptual model for the oppo- 
nent-colors theory as originally presented 
by Hering drew its sharpest criticism on 
the grounds of being bad physiology. 
Some of this criticism was based on 
an erroneous interpretation of Hering’s 
views, an interpretation that incorrectly 
assigned the opponent processes to the 
photochemical activities in the retinal 
cells. Hering’s own concept of mutu- 
ally opponent neural processes, each 
capable of being activated by exter- 
nal stimulation, was also, however, far 
ahead of the knowledge of neurophysi- 
ology at the time it was proposed (16). 
But this concept now turns out to be 
perfectly consistent with the picture of 
neural function that is only just re- 
cently beginning to build up from elec- 
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trophysiological studies of the visual 
neural apparatus. 

It has become clear that nerves do 
not simply respond or fail to respond 
when a stimulus is presented to the ap- 
propriate end-organ. Rather, they may 
respond according to any of a number 
of quite specific patterns. For example, 
a nerve fiber may (a) discharge at the 
onset of stimulation and subsequently 
gradually become quiet; (4) discharge 
at both onset and cessation of stimula- 
tion with a quiet period in between; or 
(c) cease any spontaneous activity when 
first stimulated and during continued 
stimulation, but respond with a burst of 
electrical impulses when the stimulus 
ceases to act (7). The on- and off- 
phases of discharge are mutually in- 
hibitory processes, they are associated 
with slow electrical potentials of oppo- 
site sign, and they cancel each other 
when the experimental conditions are 
so manipulated as to czuse both on- 
and off-discharges to impinge simultane- 
ously on the same ganglion cell (6). In 
Granit’s opinion (6), the evidence from 
electrophysiology provides a “belated 
vindication of Hering’s view” that the 
visual system is characterized by mutu- 
ally opponent neural processes. 

The concept of mutual interaction 
among the various elements of the 
physiological field is also basic to the 
theory and is critical to an understand- 
ing of both areal effects and simultane- 
ous contrast phenomena. Here again, 
we find the researches in electrophysi- 
ology indicating that individual nerve 
elements never act independently, and 
that visual function must be thought of 
in terms of the integrated action of all 
the units of the neural visual system 
(8). Hartline (9) has found that, even 
in the very simple Limulus eye, the dis- 
charge of impulses in any one optic 
nerve fiber depends not only upon the 
stimulus to the specific receptor unit 
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from which that fiber arises but also 
upon the stimulation over the entire 
population of mutually interacting ele- 
ments. Both excitatory and inhibitory 
interactions of the sort to be expected 
by theory have actually been demon- 
strated in the neural responses of the 
vertebrate visual system by Hartline 
(8), Kuffler (32), and Granit (6). 

The way in which the postulated 
three independent systems of paired 
opponent processes (y-b, r-g, w-bk) 
are differentiated neurally is still a 
matter for conjecture. Hering thought 
it was a matter of process specificity, 
but was willing to use the concept of 
material, or structural, specificity, which 
he guessed would be more readily com- 
prehended by most interested readers of 
his views at the time. Our own theo- 
retical preference at this time is the 
conjecture that a particular color qual- 
ity is more probably determined by a 
particular state of the nervous tissue 
than by activity of a particular struc- 
tural element in the nervous network. 
Thus, we would be inclined to look for 
a difference between yellow-blue vs. red- 
green processes, rather than toward iso- 
lation of yellow-blue or red-green fibers 
or nerve cells. 


SUMMARY 


This paper has presented a summary 
of our progress to date in providing a 
quantitative formulation for the Hering 
opponent-colors theory, and in relating 
the postulated visual mechanism to spe- 
cific problems of color sensation, color 
mixture and color discrimination; to the 
dependence of these functions on the 
physical variables of both stimulus wave 
length and energy level; to their fur- 
ther dependenc* on adapting and sur- 
round stimulation; and to the changes 
in these functions that occur in various 
kinds of abnormal color vision. It is 
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our conclusion that the opponent-colors 
theory serves as a fruitful working hy- 
pothesis by bringing a systematic co- 
herence to the mass of isolated color 
phenomena that have been reported and 
subjected to quantitative experiment 
throughout the years. The physiologi- 


cal concepts basic to the theory are 
also shown to be consistent with recent 
findings in neurophysiology. 
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